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EXHIBIT 



Abstract The formation of distinctive basic FGF- 
heparan sulfate complexes is essential for the binding 
of bFGF to its cognate receptor. In previous experi- 
ments, cell-surface heparan sulfate proteoglycans ex- 
tracted from human lung fibroblasts could not be 
shown to promote high affinity binding of bFGF when 
added to heparan sulfate-deficient cells that express 
FGF receptor-l (FGFRl) (Aviezer, D., D. Hecht, M. 
Safran, M. Eisinger, G. David, and A. Yayon. 1994. 
Cell. 79:1005-1013). In alternative tests to establish 
whether cell-surface proteoglycans can support the for- 
mation of the required complexes, K562 cells were first 
transfected with the IIIc splice variant of FGFRl and 
then transfected with constructs coding for either syn- 
decan-I, syndecan-2, syndecan-4 or glypican. or with an 
antisense syndecan-4 construct. Cells cotransfected 
with receptor and proteoglycan showed a two- to three- 
fold increase in neutral salt-resistant specific ^-^I-bFGF 
binding in comparison to cells transfected with oaly re- 
ceptor or ceils cotransfected with receptor and anti- 



syndecan-4. Exogenous heparin enhanced the specific 
binding and affinity cross-linking of ^^I-bFGF to 
FGFRl in receptor transfectants that were not cotrans- 
fected with proteoglycan, but had no effect on this 
binding and decreased the yield of bFGFR cross-links 
in cells that were cotransfected with proteoglycan. Re- 
ceptor-transfectant cells showed a decrease in glyco- 
phorin A expression when exposed to bFGF. This sup- 
pression was dose-dependent and obtained at 
significantly lower concentrations of bFGF in pro- 
teoglycan-cotransfected cell's. Finally, complementary 
cell-free binding assays indicated that the affinity of 
'^I-bFGF for an immobilized FGFRl ectodomain was 
increased threefold when the syndecan-4 ectodomain 
was coimmobilized with receptor. Equimolar amounts 
of soluble syndecan-4 ectodomain, in contrast, had no 
effect on this binding. We conclude that, at least in 
K562 ceils, syndecans and glypican can support bFGF- 
FGFRl interactions and signaling, and that cell-surface 
association may augment their effectiveness. 
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THE signaling pathways that are activated by the 
binding of various FGFs, Vascular Endothelial 
Growth Factor (VEGF) and Heparin-Binding 
EGF-like growth factor to their cognate receptors have 
been qualified as ''heparin dependent." This contention is 
based on the failure of these signaling systems in cells that 
are defective in the synthesis of heparan sulfate (HS)' and 
on the ability to restore the activity of these pathways in 
these ceils by providing an exogenous source of heparin- 
like polysaccharide. In the case of basic FGF (bFGF or 
FGF-2), heparin restores the high affinity binding of the 
growth factor to the tyrosine kinase receptor proteins, and 
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restores the biological effects of this growth factor on cell 
differentiation and proliferation (Yayon et al., 1991; Rap- 
raeger et al., 1991). The primary defect in the HS-deficient 
ceils appears to be situated at the level of the initiating 
event, with the growth factor failing to occupy a binding 
site on the receptor and to induce a receptor configuration 
that leads to signaling. Different models that have been 
proposed as explanations for this HS requirement and the 
pharmacological effects of heparin (reviewed by Mason, 
1994) include: a heparin-induced fit, whereby the gly- 
cosaminoalvcan allows the growth factor to adopt a con- 
formation that is appropriate for receptor engagement 
(Yavon et al.. 1991), the need for HS to participate m the 
formation of a multimolecular signaling complex, whereby 
it binds simultaneously to both ligand and receptor (Nu- 
gent and Edelman. 1992: Kan et al., 1993; Guimond et al., 
1993; Pantoiiano et al., 1994), and indirect effects of hep- 
arin on the receptor dimerization that is required for sig- 
naling, by promoting the formation of ligand dimers (Or- 
niiz el al.. 1992; Spivak-Kroizman et al„ 1994), On the 
other hand, these concepts have also been challenged or 
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amended, whereby heparin was shown to only moderately 
increase the affinity of the growth factor for its receptor 
(two- to threefold increase) and hepann or HS were pro- 
posed only to be needed at low concentrations of Ugand 
(Roghani et al., 1994). In all models, the direct binding in- 
teractions between the growth factor and heparin-like gly- 
cosaminoglycan are proposed as essential for the activa- 
tion of the signaling pathway. 

bFGF binds preferentially to exon lllc-containing forms 
of the FGF receptors (FGFRs) 1-3, which are predomi- 
nantly mesenchymally expressed (Dionne et aL, 1990; 
Johnson et al., 1991; Keegan et al., 1991; Miki et al., 1992; 
Yayon et al., 1992; Werner et al., 1992; Chellaiah et al., 
1994). In vitro the affinity of bFGF for the IIIc splice vari- 
ant of FGFRl is increased by about one order of magni- 
tude when heparin is added (Pantoliano et al., 1994), and 
in HS-expressing cells, the affinity of bFGF for the recep- 
tors (10"^*^-10"*^ M) is about two orders of magnitude 
higher than the affinity of the growth factor for ceil-sur- 
face HS (10"**- 10'^ M) (Moscatelli, 1987; Wennstrom et 
al., 1991). Clusters of IdoA(2-OS03)aL4GlcNS03 units 
have been identified as bFGF-binding sequences in HS 
chains derived from human skin fibroblasts (TurnbuU et 
al., 1992) and bovine aortic muscle cells (Habuchi et al., 
1992). Heparin-derived penta- or hexasaccharides of simi- 
lar structure effectively bind to bFGF and inhibit bFGF 
binding to cell surface HS proteoglycans (HSPGs). but fail 
to promote FGFR binding (Tyrrell et ai.. 1993: Maccarana 
et al., 1993). The minimal structural requirements to en- 
hance bFGF binding to its receptor and to support bFGF- 
induced mitogenesis appear to be realized in a dodecasac- 
charide containing the bFGF-binding site and additional 
6-0 sulfated groups (Ishihara et al., 1993: Guimond et al., 
1993: Walker^et al., 1994). 

The ability of cells to generate HS of a defined sequence 
complexity varies during ontogenesis (David et al., 1992^/; 
Kato el ai., 1994), and some observations directly imply 
that part of the cellular controls on signaling by FGF-like 
growth factors may occur at the level of the expression of 
the required HS cofactor/reccptor sequences (Nurcombe 
et al., 1993). The possibility of PG specificity in this respect 
is supported by the observation that, in vitro, some hep- 
arins and whole PG extracts from human lung fibroblasts 
were able to induce the binding of bFGF to an immobi- 
lized recombinant FGFR-alkaline phosphatase fusion pro- 
tein, whereas some specific PG forms, such as syndecans I 
and 2, that were purified from these cell extracts were in- 
active and even inhibited the effect of the active heparin 
fraction (Aviezer et al., 1994«). In subsequent studies, the 
major activating component of these PG extracts was 
identified as perlecan, the large extracellular matrix (base- 
ment membrane) PG (Aviezer et al., 19946). These obser- 
vations, together with indications that overexpression of 
syndecan-l inhibits the bFGF-induced growth promotion 
of 3T3 cells (Mali et al., 1993), have lead to the suggestion 
that the local expression of active periecan and the syner- 
gies and balances between activating and nonactivafing 
classes of PGs will determine the degree and extent of 
bFGF-induced cellular responses (Aviezer et al., 19946). 

Our investigations were aimed at identifying cell sur- 
face-as,sociated HSPGs that might promote bFGF binding 
and receptor activation. Using a cell system in which we 



were able to express independently the IIIc variant of 
FGFRl and four types of PG (i.e., syndecans I, 2, 4, and 
glypican), as well as a cell- free system in which we used 
6xHis-tailed recombinant forms of receptor and PG to 
mimic their colocalization at the cell surface, we demon- 
strate that all these cell-surface HSPGs can support the 
bFGF-receptor interaction. 

Materials and Methods 
Plasmid Isolation and Construction 

Clones for bFGF and FGFRl were isolated from a human embryonic lung 
fibroblast \ZAPIl phage library using oHgolabeled PCR-derived probes 
for bFGF and FGFRl and standard screening procedures (Sambrook et 
al., 1989). 

The bFGF clones were used as PGR templates. The primer set 5'-GGT- 
GTCGACATCGAAGGTAGACCCGCCTTGCCCGAGGATGGC-3' 
and 5'-GGCCTGCAGTCAGCTCTTAGCAGAC.AT-3' used for the am- 
plification reaction (Saiki et al.. 1988) was designed to introduce unique 
restriction sites flanking the coding sequence and a Factor Xa cleavage 
site at the amino-terminal end. The PGR products were sequenced using 
an automated fluorescent sequencer (Pharmacia Biotechnology Benelux. 
Roosendaal.The Netherlands) and cloned into the prokar\'otic expression 
vector pQE-y (Qiagen, Chaisworih. CA). which introduces a 6xHis lag at 
the amino-tcrminai end of the encoded protein. 

One FGFRl clone, identified as the two Ig-like domain isoform (Ig 11/ 
IHc) (Eiscmann et ai.. 1991). was restricted with P":il to remove 370 hp of 
the 5' untranslated sequence and cloned into the eukarv'otic expression 
vector pcDNA/Neo (Invitrogen. Leek. The Netherlands), using the Hindi II 
and Not I sites from the multiple cloning sites of the vectors. 

The cDNAs for human syndecan-4 (David et al.. 1992/)). syndecan-2 
(Marynen et al.. I9.S9). and syndecan-l (.Mali et ai.. ;99()) were cloned into 
the Kpnl and Nhel sites of the episomal expression vector pREP4 (Invi- 
trogen). The cDNA for glypican (David et al.. t9^X)) was relea.sed with 
Hindi II and Not I. and cloned into the corresponding sites of pREP4. A 
A3()-bp fragment containing the complete coding 'iequence of syndecan-4 
was aniisense cloned into the Hindi II and Bam HI sites of the same vector. 

Plasm ids coding for ftx His- lagged ectodomains ot FGFRl and synde- 
can-4 were constructed hy PC^'R. .A ."()()-bp fragment of FGFRl was ampli- 
ficd usinu the primer set'.5'-GACCCGCAGCCGCACATCCAGTGG-3' 
and .V-CCGrrrGAGTrAGTG.ATGGTGATGGTGATGCTCCACi- 
GTACAGGGGCGAGGTCArCACTGCC-3', digested with Bfrl and 
Xhol. and cloned into the corresponding restriction sites of the FGFRl 
plasmid. replacing the sequences that code for the transmembrane and cy- 
topiasmalic domains. The resulting insert. FGFRle. was cloned into 
pMEP4 via Hindi II and Xhol. .A sequence coding for a 6xHis-tagged 
ectodomain of svndecan-4 was constructed using the primers 5*-GCA.AT- 
TAACCCTCACTAAAGGG-3' and .V -CGCGTCG A CTC A GTGATG- 
GTGATGGTGATGCTCCGTTCTCrCAAAGATGTTGCTGCCCTGC- 
3'. The PGR fragment was restricted with Bglll and Sail, and cloned in the 
corresponding sites of the syndecan-4 plasmid. The resulting insert. syn4e, 
was released with Spel and Xhol. and cloned into the Nhel and .Xhol sites 
of the vector pMEP4. All constructs were sequenced to exclude mis- 
matches. 

Purification and Characterization of 
Recombinant bFGF 

Nondenaturing purification of the recombinant 6xHis-bFGF was carried 
out according to standard protocols (Seno et aL. 1990). In short, Escheri- 
chia coli M15 containing the appropriate pOE-9 construct plus ihe repres- 
sor plasmid pREP4 were induced with I mM IPTG at an CD of 0,9. Before 
sonication for 3 min on ice in the presence of 10 m.\l 0-mercaptoethanol. 
the harvested cells were incubated for I h at 4*C in 50 mM NaH^POj. 10 
mM Tris. 300 mM NaCI. 15% sucrose. O.l mg/ml lysozyme. and I mM 
PMSF. After centrifugation, the bacterial lysaie was applied lo an Ni- 
NTA resin column (Qiagen), equilibrated at pH S.O (50 mM NaH;P04, 
300 mM NaCl). and eluted at pH 4.i pO m.M NaH;P04, 500 mM NaCl) 
(Hochuli et al.. 1987). After readjustment to pH 8.0. this eluate was ap- 
plied to Heparm-Ultrogel (IBF Pharmindusirie, \ illeneuve-la-Garenne. 
France), washed with I .\I NaCl, and eluled with 2 M NaCl. Total yield 
was '^4 mg purified bFGF per liter of culture (20 g of cells), as determined 



by colorimetric assay. The purified protein migrated as a l8-kD PeP"de ;n 
binant product 



tion procedures. Individual clones were characterized for specific I- 
bFGF binding. The iransfec.ions with the episomal repUcons PREP41 1. 
pREP4[Synll, pREP4[Syn2l. pREP4lGlypl. pREP4(Syn4l and pREP4 
(antiSyn4l were performed in simUar ways. Selection with 20O ^g/m of 
hygromydn over 2 wk resulted in stable cell populations that were not fur- 
ihcr subcloned. 
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cell surface PCs were extracted with ^^^f^^^^^^^'^^^^^'::. 
ence of proteinase inhibitors, concentrated on a DEAE-Tt^actyl M co, 
?,mn fIBF Pharmindustry, ViUeneuve-la-Garenne, France), and further 
rrified by Ln^ hange chroma on MonoQ in Triton-urea-Tns 

hi fis e' al 1987). Immunopurification was carried out with core 
pSipednc mAbs immobilized on CNBr-activated Sepharosc 4B 
(Lories et al., 1989). 

Purification of Recombinant FGFRl and 
Syndecan-4 Ectodomains 

Recombinant 6xHis-tagged ectodomains of FGFRl (F^FRle) and synde^ 
can-l (Syn4e) were isolated from the conditioned culture med.a of lt562 
cells that were transfected with the corresponding episomal P'asm^ c°n^ 
"Ls. Serum-free media from PMEPJ-^^^^^^^^ 
12-16 h after induction with 3 iiM CdCU. FGFRle was punncu 
consecutive absorptions on Ni-^^•A resin (see above). Syn4e was firs, ab- 
so^ed on DEAE-Trisacryl M and then purified by metal chelate chron^a- 
olraohv TTie final eluates were concentrated by ultrafiltration (Centn- 
n ^Amico; inc.. Beverly. MA), and the quantity (-^X' 
medium) and purity (>90%) of the product were estimated by SDS- 
PAGE. 

Western Blotting 

Heparitinasc and chondroitinase ABC^iges.ed PG were fractic.natcci by 
SDS-PAGE and blotted on Z probe membranes. The blots were f.r^t in- 

uba.eJwith the designated mAbs. and «'>-;-V'',frMtDT^^^^^^^ 
conjugated second antibodies, and finally developed with AMPPD (Trop.x. 
Bedford. MA) for chemiluminescence and autoradiography. 



Analysis of the GAG Compositions 

Free ..Ivcosaminoglvcan side chains were obtained by P™««'"='^^?;f f 
Uon of' purified '?SO,-labelod PCs. The GAG chains were e ther sub- 
cL to'thc low pH nitrous acid procedure (Shively and Co"^^cl^ '^^^^ 

ji«s.ed with chondroitinase ABC. Both P.^«=P^"''""^='"V„7,hen cof- 
control were precipitated with cetyl pyridinium chlonde and then col- 
Icted on ..lass filter paper.. The HS content was calculated as (cpm 

1 Z I) the chrondroitin sulfate (OS) content was calcu- 

- cpciiiNoy-/""""!'"'"!'- , .All nnalvses were per- 

laied as (cp»,„„,„«c. " cp-..,vB<-.».Ap".»,.cau,.)- All analyses p 

formed in duplicalcs. 

Affinity Chromatography ofHSPG on Chelate 
Complex-bound bFGF 

Purified AxHis-bFGF was reapplied to an Ni-NTA column at a concentra- 
Punfiedhxrii. o hp ^.^^^^^ capacity), 

wth asUtkr^sl, mM Na.HPO. pH 
n<^A\ md increasinu NaCl conccnirations (0-2 M), and reequiti 

w^h immunopurified HSPGs were dia.yzed against ^^l ^^J>^^^J^^^^ 
aoolied to aliquots of bFGF-Ni-NTA resin. Bound HSPGs were eiuiea 
wlfh a NaCl Lp gradient (0-2 M). Every chromatographic expenment 
was repeated at least once, with similar results. 

Cell Transfections 

K562 cells ( ATCC CCL 243) were routinely grown in DME F12 mediurn 
rufSedwithU^PCS^d^^^^^^ 

: %T:^''n:'tu^rcSl,,-f?^%'is) with 30 .g Unearized FGFRU 
^DNAfl^eo. or pcDNA/Neo. before eleciroporation at 240 V^ud .OO^r 
with a »ene pulser (Bio Rad Laboratones. Richmond. CA). S<='«t.on w^ 
started W h later with 5U0 ng/ml G41S. Stable iranslccuon vva. av.hu^.d at 
ur P d. and subclones wore established by two consecutive limited dilu- 



lodinated bFGF (specific activity = SOO-UOO Ci/mmol) was purchased 
from New England Nuclear (Boston. MA), aliquoted directly upon ar- 
rival and stored at -70°C. For the cellular binding assays the K562 trans- 
fectants were grown for 72 h in a serum-free medium (DME F12) contM- 
ine I Ertiter BSA. 8 mg/1 transferrin, and 4 mg/1 of insulm. or m Ham s F12 
medium supplemented with 30 mM NaOO, (to suppress the sulfation of 
Te GAG chains) and the same additives. Samples of 200,000 celU were in- 
cubated for 90 min at 4°C in 200 ^l DME F12 supplemented with 1 mg/ml 
BSA ^ mM Hepes. pH 7^. and 10 ng/ml '^I-bFGF. in the abseii« or 
presence of 1 t.g/ml unlabeled bFGF and with or without 100 ng/ml hep- 
arin The cells were then washed two times with cold PBS and once with 
2 M NaQ. 50 mM NaH,PO,. pH 7.5. The radioactivities of the salt washes 
and the cell pellets were counted separately. The values obtained in the 
«esence of 100-fold excess of unlabeled bFGF were considered unspeafic 
binding and were substracted from the total counts. The data are du- 
plaved as the means and SDs of three independent expeninents 

in the cell-free binding assay, increasing amounts of I-b^GF were 
combined with FGFRle (6 ng) in the presence or absence of Syn4e (0.8 
ngM^psinized Svn4e (0.8 ng). or heparin (100 ng/ml). in 500 ^ of a=«ay 
buffer (50 mM NaH:PO.. pH 7.5. 150 mM NaCl. 2 mg/"" jf 
0 5% Tween ^0). Control mixtures consisted of increasing '"I-bFGF or 
":5i.;fGF and heparin concentrations in assay buffer. All mixtures were 
supplemented with 20 ,.1 of Ni-NTA resin and incubated on a roller 
shaker^t room temperature for 2 h. Bound label was recovered by centnf- 
u' a ion washTn. of'the beads in PBS. and discarding of the supernatant 
Specific '=M-bFGF bindine was measured by subs.ractmg the amounts o 
fabe bound in control mi.xtures from the counts associated with the beads 
n tes. mixtures. This experiment was carried out three times with two dif- 
r T.rhZ nf '-M-bFGF The data were transformed into concentra- 
;r;uSems Ldlma'Sd a^ Scatchard plots (Scatchard. 1949, using a 
computer program for linear cur%c fiumg. 

Covalent Cross-linking of '^I-bFCF to FGFRl 

Wi,d.ypeK5.2ce..sand^^^^^^^^^ 

:£gtvr2;i-::i^oL^:dm^^^ 

ml (1)'7 mM) disuccinimidyl suberate (Pierce. Rocktord. IL) in PBS at 
S'C f;r 45 m\n. The reaction was f ^SVy^e 0 
PRS Tlie cell samples were boiled tor 3 min in 2% SOS. 10 /« glycerol, iu 
I^tI? nH 6 S I mVl EDTA and 0.01)5% bromophenol blue, and were 

stined with c'oomassie brilliant blue ji^ed ^or am^^^^^^^ 

[rsunrvvale. CA).'Reference bands in the Coomassie-stained gels were 
also measured to e.xclude differences in loading. 



Immunofluorescence Cytometry 



,_ocytonuoromet^was performed «.th ^l^^^^^^^^^^ S:To' 
^am\Ss .rFrrdiS im^m^uiiot^^^^^ K562 ceUs were 

Lubated w th the designated mouse -Abs at a concentrauon oflO^^^^^ 
or 30 min. washed 2X. and then incubated with mC-b^^^^ S~ . 
.ouse Ab (Nordic Immunology^ E ZLrtll7o^^^oZI!n^ 
matched mouse mAbs were used to Dako Glos- 

Fn-C-labeledanti glycoph^^^^^^^^^^ mAb (clone 

V7k4 S vlrTLbatZrether and used at the concentration pro- 
TLM Dako) oackoround was determined with correspond- 



r-. • - .■ . I . t .1 n,..il FCF Recevtnr S \ stems 



407 



/pcONA] 




G41B 



Hygro- 
mycin 



[~K562 wild type | 



-{3D [ny 

jff-syio] [v-syoa 

[ff-SynlJ |v-Synl} -J 



RSV 

EBNA-1 L| ff^tlSyo4| 

we /. Transfection strategy. K562 cells were first transfected 
Zxhc integratable vector pcDNA/Neo co^tammg an FGFRl 
SnA or no insert. Two stable subclones, referred to as done R 
for the FGFRl Uansfection and clone V for the vector transfec- 
ion were then transfected with the episomal vector pREP4 ej- 
her'as such or provided with cDNAs coding for syndecans 4, 2, 1, 
ir glyp can (/?^. «-Syn4, R-Syn2. «-Glyp, «-Synl, and corre- 
spor^dSgV ells). In addition, clone R was transtected w,th an 
antiseni syndecan-4 construct (R-antiSyn4 cells). The cotrans- 
Lction was' realized using the two different select.on markers, 
G413 for pcDNA/Neo and hygromycin tor pREP4. 

All experiments were performed at least twice: SEN. for all MFl values 
was <4%. 



Results 

Cell-surface PG Expression in K562 Cells 
The transfection strategy that was adopted to study the 
FGFR system is illustrated in Fig. I. W.ld-type Ko62 cells, 
which do not bind bFGF in specific ways (P?!""^" 
1991) lack any transcriptional message for FOfKl ^ Arm- 
strong et al., 1992: our own unpublished data), and express 
only Tow levels of cell-surface HS (see below), were first 
transfected with an integratable pcDNA.Neo vector pro- 
vided with cDNA for FGFRl(IIIc) or without msert. One 
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Fimre ' HSPG expression in K562 cells. Triton X-lOO extracts 
of uanslected K562. normalized for cell """^^'^r were punned by 
ion exchange chromatography and fractionated by SDS-PAGE 
af^er digestion with heparitinase. The Western blot was devel- 
oped wUh mAb 3G10, which recognizes the terminal desaturated 
Xcuronate that caps the HS stubs after hepant.nase d.gest.on 
fo detect all proteins substituted with HS, and as an assessment of 
L number Sf HS chains that were e.xpressed. Detection was per- 
formed bv chemiluminescence. Film exposure was S'ven I mm 
Tnrsc six lanes) or 5 min {last two lanes). PG-transfccted K562 
^pil^ ons expressed hieh numbers of HS chains, which were 
Sly detected after 1 min of exposure, on a -"gle core protem 
HS expression -.vas barc-.v detectable in wild-type and R-0 cells af- 
"r I m'i^. but hands of lio kD. 50 kD. and -"o^tly 35 -"fj':: 
Se after the longer exposure. The stronger 3>kD band in th«e 
colls reacted with the syndecan-4-spcc.r.c m Ah 8G.. (not shown). 



Stable subclone from the receptor transfection that 
showed specific binding of '^I-bFGF (further referred to 
as clone R) and one subclone from the control transfection 
(further referred to as clone VO were then further trans- 
fected with the episomal vector pREP4, either as such or 
nrovided with cDNA inserts coding for syndecans 4, 2 1, 
or dypican to enhance the levels of HS in these cells. 
Clone R was also transfected with a syndecan-4 antisense 
construct since this syndecan seems to account (at least in 
oart) for the small amounts of endogenous HS expressed 
bv IC562 cells. Several approaches were then used to evalu- 
ate the effect of these transfections on the expression of 

HS by K562 cells. . 

After heparitinase digestion, any protein that is substi- 
tuted with HS can be traced by mAb 3G10. since th^ anti- 
body recognizes the A-glucuronate that caps the HS stubs 
(David et al.. 1992a). In Western blots of PG extracts, this 
antibody detected several weak bands in wild-type and m 
R-O cells (mainlv ~35-kD bands visible after more pro- 
longed e.xposures), and strong -35-. 48-. 64-, and 85-kD 
bands in the /?-Svn4. R-Synl. R-C\yp. and /?-Synl trans- 
fectants. respectively (Fig. 2). These proteins were posi- 
tivelv identified as the expected transfectant proiems with 
the core protein-specific mAbs 8G3 (syndecan-4) 10H4 
6G12 (syndecan-2). SI (glypican). and 2E9 (syndecan-1) 

(not shown). , . , 

Analysis of the amount of HS expressed at the surface 
of the transfectants. by quantitative immunofluorescence 
now cytometry using the HS-specific mAb l()E4 (David et 
al 1992«) revealed marked (5-lO-fold) increases in cell- 
surface HS in all R-PG transfected cell populations (Fig. 3. 
a and h). The expression of the 10E4 epitope at the surface 
of R antisense transfectants. in contrast, was reduced by 
~50% in comparison with /?-() cells ( Fig. 3 c). Sinular ana - 
yses with protein-specific antibodies confirmed the cell- 
surface expression of the transfectant PGs m trans ectan 
cells the cell-surface expression of endogenous syndccan-4 
in wild-type cells, a >lO-fold increase of the cell-surtace 
expression of the svndecan-4 core protein in R-SyM cells, 
and the decrease (by 80%) of the cell-surface expression 
of this syndecan in the syndecan-4 antisense transfectants 
(not shown). Verv similar PG expressions were also achieved 
in V^-PG cotransfection experiments (data not shown). 

All R transfectants were also metabolically labeled with 
f«Slsulfate for 24 h. PG was extracted from the cells with 
Triton X-IOO. and then further purified by ion exchange 
chromatography on DEAE and MonoQ. as s^hown for the 
/?-0 and the /?-Svn4 transfectants in Fig. 4 a. Extracts from 
R PG cells yielded two to fourfold more label per ceil than 
the R-O cell extract. The amount of p'Slsyndecan-l recov- 
ered bv immunoprecipitation from R-Synl. R-Syn2. or 
R-Glvp extracts, in contrast, was identical or slightly lower 
than 'the amount of p5sisyndecan-4 recovered from R-O 
cells (not shown). Both the R-?G and R-O materials eluted 
as a broad early peak (0.45-O.65 M: peak A) and a more 
distinct later peak (0.7(>4).85 M. peak B). All PG transfec- 
tions lead to increases in both peak A and B materials, but 
the MB peak ratio was always higher in R-PG extracts 
than in the R-O extract. Qualitatively similar elution pro- 
files were obtained for immunopurified PG i^ox sho.^l 
Endo"onous syndecan-4 immunopunfied from K-U ceiis 
mimicked the 'profile obtained for the total PG extract 
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Reure 3 Cell-surface expression of HS in K562 cells. Cell-sur- 
S HS was measured by quantitative immunofluorescence cy- 
or^efrj ^"g"he HS-specific mAb 10E4. The background fluo^ 
rS n7si.nal (50/ia line) and the cell-surface HS -xpr-s.o„ m «-0 
cells (doned IM. R-Synl cells (narrow doited Une). R-Sy"2 
cells (dashed line), (b) The background fluorescence and the cell- 
surface HS expression in R-0 cells. R-Glyp (narrow dotted Une), 
andTsyn4 (dashed line) celU. (c) The background fluorescence 
and cd'surface HS expression in «-0 cells (dotted Une) and 
R-antiSyn4 cells (dashed Une). 

from these cells (prominent B peak), whereas the recom- 

Snt PGs and also the ^-^-^l^^T rr^TvoVZ^ 
nopurified from R-PG cells eluted like total R-?G extracts 

'"^^^^'ZTZ -dtS (B peak) eluting matenals from 
total extracts were collected as separate pools and vised or 
the further immunoparincation of endogenous and^o 
transfectant PC on the correspondmg antibody. Similar 



n^ure 4. Ion exchange chromatography of the K562 PGs. ^'S-labeled 
PGs produced bv the various transtectants were extracted with 
Ueteraent and subjected to ion exchange chromatography (a) 
T^e MonoQ elution profiles obtained for the total extracU. from 
the R-0 and the R-Svn4 transfectant. The elut.on profile ob- 
tained for the other PG iransfectants ^^^'^^^'^'^'f;^\''f';2 
the one obtained for «-Syn4. The P'omcobi.Mr the R-ant. 
Svn4 transfectant was similar to that obtamed for R-0 cells^ (b) 
The elution profiles obtained for the endogenous syndecan-4 im- 
lunopurifieS from R-0 and R-Syn2 cells after d.gest.on w,th 
chondroitinase ABC to remove the CS-subst.tuted forms. 

pools were also made for the eluted immunopurified PGs. 
Analysis of the GAG chain composiuons o these immu- 
nopurified PGs revealed that the syndecans 1, 2, and 4 so- 
lated from the corresponding t^=^"sfections contained [ S]Hb 
as well as [«S1CS. This was observed b^J^ ^ and 
peak-derived PGs (with a tendency for a jon^ 
tent in B peak than in A peak matenals, 40-60 /o versus 
20-50%). This was also the case for the endogenous syn- 
d«an-4 expressed by R-0 cells. Glypican isolated from ei- 
ther the A^or the B peak of the l^-<^'y^.^%^i;,,X 
other hand, carried almost exclusively HS (>90/o). The 
?ract onation of intact, heparitinase-, chondroitinase- and 
doubly digested immunopurified PG samples by SDS- 
PAGE analysis and Western blotting indicated that in all 
inVtances (except for syndecan-l). the HS and CS cha ms 
we e pres nt on separate coreprotein populations with lit- 
tie evidence for hybrid PG (shown for syndecan-4 from 

'^-ffirnSaSgraphyindicatedthat^^^^^^^^^^^^^^ 
the protein-free HS chains were nearly 'nvanant (M4 
kD) whether isolated from different unmunopunfied PGs 
or from peak A or B materials (not shown). Ion exchan^ 
?iromatoo.raphy indicated that protein-free HS chains de- 
rived from A peaks were less anionic than cnains derived 
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Fieure 5 GAG chain composition of the K562 PCs. Immunopu- 
rified svndecan-4 derived from the corresponding transfectant 
(«-Syn4) was left untreated (-) or subjected (+) to hepantmase 
mJe), chondroitinase ABC (Case), or both enzymes. The di- 
gests were fractionated by SDS-PAGE. blotted and incubated 
with the syndecan-4 core protein-specific mAb 8G3 or the anti- 
A-HS mAb 3G10. Comparison of the banding patterns after com- 
bined and single enzyme digestions indicated that the majority of 
svndecan-4 molecules were substituted with HS and a snialler 
proportion were substituted with CS. with little or no evidence 
for hybrid molecules. Similar results were obtained for the synde- 
can-2 Svndecan-l materials contained higher amounts of CS. in 
part as 'true hybrids. Glypican carried almost exclusively HS 
chains. 

from B peaks, but no differences in charge density were 
observed between HS chains from corresponding peaks 
derived from different PGs. (not shown). Finally, sizing ot 
the different immunopurified cell-surface PGs by SDS- 
PAGE (after a treatment with chondroitinase ABC to re- 
move the CS-substituted forms) indicated that the more 
anionic forms of each HSPG species (B peak) were signifi- 
cantly more retarded than the less anionic forms (A peak). 
Yet after heparitinase. A and B peak PGs yielded core 
proteins of similar sizes, indicating increasing numbers of 
HS-side chains per core protein in the more anionic PGs 

(not shown). •<.,.,,, o a 

In another series of e.xperiments. the ••^S-labeled /?-() and 
R-?G transfected cells were surface biotinylated immedi- 
ately before the detergent extraction, subjected to ion ex- 
change chromatographv. and PG was immunopurified as 
described above. Early (A peak) and late (B peak) eluting 
fractions of each PG were then incubated with streptavi- 
din beads to isolate the surface-exposed forms of these 
PGs The percentage of streptavidin-bound label did not 
differ among A and's fractions, indicating that the various 
forms of a particular PG were equally well represented on 
the cell surface. This percentage ranged from 60 to 80 /o 
for syndecans or glypican isolated from the corresponding 
PG-transfected cells, but was only ~30% for syndecan-4 
isolated from R-Q cells (data not shown). From the total la- 
bel the HS content, and the size of the biotinylated frac- 
tion, it was calculated that the PG transfections resulted in 
five- to sevenfold increases in cell surface [•'^SIHSPG. 

Altogether, these data demonstrated that overexpres- 
sion of various cell-surface PGs in K562 cells lead to 
marked enhancements in cell-surface HS expression. This 
enhancement was most pronounced for the lesser sulfated 
forms of this glvcosaminoglycan that were present on PGs 
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Figure 6 K562 PG binding to immobilized bPGF. Immunopuri- 
fied «s-labeled PGs isolated from peak A and peak B fractions 
(see Fig 4) were applied to a bFGF column and eluted with a salt 
step gradient (up to 2 M NaCl). Glypican eluted as neariy one 
peak (at 1.2 iM), the svndecans eluted as two major peaks, one at 
03 M and a second 'at 1.2 M NaCl. The low salt eluates (fall 
through. 0.1. 0.3. and 0.6 M) contained ~70% CS. and the high 
salt eluates (0.9. 1.2. 1.5. and 2 M) contained ~90% HS. 

of low chain valencv. and it occurred at the detriment of 
the alvcanation of the endogenous cell-surface PG (lower 
average HS sulfation and chain valency). The latter was 
confirmed bv the immunopurification of endogenous syn- 
decan-4 from R-0 and R-PG cells, digestion of the PG with 
chondroitinase ABC. and analysis of the HS-substituted 
syndecan-4 bv ion exchange chromatography over MonoQ 
(Fi" 4 h). These findings indicated that the effects of the 
transfections on HS and HSPG synthesis were not simply 
additive, but also competitive, somewhat analogous to the 
effect of p-xvlosides on the synthesis of CS (stimulation) 
and CSPG (inhibition) by cells. They also underscored the 
conclusion that the gain in cell-surface HS in the transfec- 
tants is driven by the transfectant PG. 

Cell-surface PGs from K562 Cells Bind bFGF 
To evaluate the bFGF-binding properties of the cell sur- 
face PGs. the various forms were immunopurified from 
the corresponding R-PG transfectants and allowed to bind 
to biologically active recombinant bFGF that was immobi- 
lized on Ni-NTA agarose via an aminoterminal 6xHis-tag. 
After equilibration, the column was eluted with an NaCl 
step gradient (Fig. 6). Syndecans (isolated from A or B 
peaks) eluted as two major peaks, one at 0.3 M and a sec- 
ond at 1.2 M NaCl. Analysis of the GAG compositions of 
the eluted syndecan fractions indicated that the pool of the 
first four fractions (nonbound. and eluting «0.6 M NaCl) 
contained mainly CS (-70%), whereas the pool of the 
four last fractions (eluting ^0.9 M) contained almost ex- 
clusively HS chains (~90%). Glypican, which contained 
only HS eluted as nearlv one peak at 1.2 M NaCl. These 
data indicate that only HS-carrying forms of the PGs bind 
significantly to bFGF, and they confirm that most synde- 
can cores expressed in K562 cells display either HS or CS 
chains rather than a combination of both. 

Heparin Sensitivity of the Binding of bFGF to FGFRl in 
K562 Cells 

We then measured the binding of '-n bFGF to PG- and 
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Figure 7, Binding of bFGF to FGFRl in K562 cells. Aliquots, of 
20().0<)0 cells each, were incubated with 10 ng/ml of '^I-bFGF for 
90 min at 4''C in the absence or presence of I jxg/ml of unlabeled 
bFGF and with or without 100 ng/ml of heparin. The bars indi- 
cate the amounts of iodinated bFGF that remained specifically 
bound after a neutral 2-M NaCl wash of the cells. Results are 
shown for receplor-transfected cells (a), chlorate-treated, recep- 
tor-transfeciant cells (6), and for non-receplor-transfecled ceils 
(c). The values for receptor-transfectanl cells are given as the 
means and SDs of three independent experiments. 



non-PG-transfected V and R cells, as well as the effect of 
exoaenous heparin on this binding (see Materials and 
Metliods). Compared to non-PG transfectants, the V-?G 
and the R-?G transfectants showed similar (near 10-fold) 
increases in label in the neutral salt washes of the cells, and 
this label could barely be displaced by a 100-fold excess of 
unlabeled bFGF (not shown). All R-?G transfectants 
showed an increase in specific salt-resistant bmdmg of I- 
bFGF when compared with the R-0 and the /?-antiSyn4 trans- 
fectants (Fig. 7 a). Adding soluble heparin at a concentra- 
tion of 100 no/ml doubled specific bFGF binding to RO cells 
and tripled specific bFGF binding to R-antiSyn4 cells, but 
had no.etfect on specific bFGF binding by the R-FG trans- 
fectant cells (Fig. 7 a). The specific bFGF binding in the 
presence of heparin was roughly constant for all R cell 
populations (excluding differences in the number of FGFRl 



receptors per cell among the various transfectants), and 
was calculated to correspond to ^30,000 binding sites per 
cell. Chlorate treatment of all R transfectant cell populations 
resulted in a decrease of the specific binding to 15-25% of 
the value obtained in the presence of 100 ng/ml of heparin 
(Fig. 7 b). Neither wild-type K562 cells nor any of the PG 
transfectants of the V clone revealed significant levels of 
specific ^^I-bFGF binding, demonstrating that the assay 
was measuring FGFRl-related bFGF binding only (Fig. 7 c). 

Heparin Sensitivity of the Affinity Cross-linking of 
bFGF to FGFRl in K562 Cells 

The participation of the cell-surface HS in the bFGF-recep- 
tor interaction was also investigated by affinity cross-link- 
ing experiments. Covalent cross-linking of ^^I-bFGF to the 
various /^-transfectants demonstrated a putative bFGF- 
FGFRl complex with an apparent molecular mass of ~140 
kD. The formation of this labeled complex was inhibited 
by adding an excess of cold bFGF, and it did not occur in 
wild-type K562 cells. Quantitative densitometric analysis 
of the bFGF-FGFRl complexes in the various transfec- 
tants, formed in the presence and in the absence of exoge- 
nous heparin, gave the following results: 100 ng/ml of hep- 
arin increased the yield of labeled bFGFR cross-links by 
26% for R'O, by 40% for R-antiSyn4. and eightfold for 
chlorate-treated' /?-0 cells: the same heparin concentration 
decreased ligand cross-linking by 33% for /?-Syn4, 46% for 
/?-Syn2, 58% for /?-Glyp, and 23% for /?-Synl (Fig. 8). In- 
creased yields of specific growth factor-receptor com- 
plexes in non-PG transfectants and sulfate-starved cells 
when heparin was added, were consistent with the results 
from the binding experiments that had revealed an en- 
hancement of the bFGF-FGFRl interaction by heparin in 
these cells (Fig, 7), Negative effects of heparin on the yield 
of growth factor-receptor cross-links in PG transfectants, 
where heparin did not affect the extent of the specific 
binding of the growth factor (Fig. 7), suggested modal dif- 
ferences between heparin- and PG-mediated specific 
bFGF-FGFRl interactions. 

FGFRl and HS Dependency of the bFGFAnduced 
Block in Erythroid Differentiation ofK562 Cells 
K562 cells are multipotential malignant hematopoietic cells 
that spontaneously differentiate into recognizable progen- 
itors of the erythrocytic, granulocytic, and monocytic se- 
ries. A treatment with hemin or the tyrosine kinase inhibitor 
herbimycin A reduces the intracellular tyrosine phosphor- 
ylation in K562 cells and stimulates their erythroid differ- 
entiation (Richardson et al., 1987; Honma et al., 1989). 
Exposure of K562 cells to 10"^ M PMA, in contrast, results 
in a reduced expression of erythroid-specific proteins, 
along with a weak myelomonocytic induction (Papayan- 
nopoulou et al., 1983). Erythroid differentiation of the 
K562 transfectants in the presence of growth factor was 
therefore measured as a test for the functionahty of the 
FGFRl and to evaluate the possible contributions of cell- 
surface PG in receptor-mediated growth factor effects. 

For these experiments, PG- and rcceptor-transfected 
K562 cells were grown in a defined serum-free medium 
(see Materials and Methods). After 72 h of growth under 
these conditions, bFGF was added in concentrations of 
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Figure 8. Cross-linking of 
bFGF to FGFRl in K562 
cells. For affinity cross-Unk- 
ing, the various cell popula- 
tions were incubated with 
^^I-bFGF, following the 
same procedures as de- 
scribed in the legend to Fig. 
7. After washing off free la- 
bel, cell-bound bFGF was 
cross-linked with 0.27 mM 
freshly dissolved DSS. The 
cells were then boiled in SDS 

^ansfected cells. Heparin potentiated receptor cross-Unking n J- >^ '^J ^ Wild-tvpe K562 cells lacked any specific recep- 
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0 5-10 ng/ml, and 72 h later, the GpA and CD14 expres- 
sions were tneasured by immunonuorescence How cytom- 
etry A dose-dependenl suppression of GpA was obtamed 
in ;il these cells (Fi" 9 a). At the high concentration of 10 
ng/m o bFGF the mean GpA level in all R transfectants 
wl suppressed to approximately one third ot the control 
value (without bFGF), but at lower bFGF concentrations^ 
the PG-transfected R cells were more responsive than the 
and the «-antiSyn4 cells. At a bFGF concentration o 
10 nil/ml. the CD 14 expression was increased by -30^ o tor 
1 six R transfectants (data not shown). When treated w-it^ 
chlorate, the same cell populations were nearly unrespon- 
sive to bFGF. but the effect of bFGF on the GpA expres- 
ion could largely be restored by the addition ot heparin 
Fi" 9 ft) Neifher wild-tvpe K562 cells nor any \/ transfec- 
Lt showed a change in GpA or CD14 expression w;heri 
exposed to bFGF, with or without heparin (Fig. 9 c). Yet. 
these cells and the R cell populations f owed sitndar de- 
creases in GpA expression in response o 10 ^ P^' 
ter 72 h (shown only for wild-type cells m Fig. 9 c). ine 
n erpretation that stimulation of FGFRl increased intra^ 
cellular tvrosine phosphorylation and consequently blocked 
eryttoid differentiation was supported by t^e reversing 
effect of tyrosine kinase inhibitors. In R <^f^^^J'^ll 
oreincubated with 30 tiM of genistein for 2 h before the 
Kion of 10 ng/ml of bFGF, the GpA and CDU expres- 
sions remained largely unchanged (data not shown). 

Binding of bFGF to Surface-bound FGFRl and 
HSPG Ectodomains 

Finally, to exclude possible contributions by non transfec- 
Tam PCs or other membrane-anchored molecules^we also 
n^easured the effect of HSPG on the b-d-ng of bFGF^o 
its receptor under cell-free conditions. In this assay, we 
u ed recombinant FGFRle and Syn4e P^-ded w th 
COOH-terminal 6xHis tags that bind with high aff.niry 
f/C. = 10-^) (Hochuli et al.. 1987) to N.-loaded beads 
10 .). The affiiiUy of bFGF for the ectoclomoins wns 
calculated from the label coprecipitated with the Ni-N I A 
bids versus the free label at various bFGF concentra^ons 
(Fig. U) b). The dissociation constant tor the interaction ot 



bFGF with Syn4e in the absence of FGFRle was 7 nM 
(not shown). The calculated dissociation constant for the 
direct bFGF-FGFRle interaction in the absence ot any 
source of HS in this assay was 1.8 nM. threelold higher 
than the dissociation constant for the '"f ^=\ct,on of bFGF 
v^ith the combination of FGFRle and Syn4e (0.6 n.M) or 
the combination of FGFRle and chondro.tmase ABC- 
treated Svn4e (not shown). In contrast, the atf.n.iv of 
bFGF for the combination of FGFRle f ^ heparitinase- 
treated Svn4e was identical to its affinity for FGFRle It^e 
addiUon of soluble heparin (100 ng/ml) to bFGF slightly 
increased the affinity of the growth tactor for FGFRle (K, 
= I nM). whereas trypsin-treatcd Syn4e added a similar 
concentrations as Syn4e had no effect on the binding {K, 
= 17 nM) For the combination of FGFRle and Syn4e. 
the concentrations of the ectodomains were chosen such 
that the ma.ximal number of bFGF-bmding sites contn^^^ 
uted by each component were individually similar. \ a the 
mSmal number of binding sites obtained for the combi- 
nation of FGFRle and Syn4e did not differ from the maxima 
number of binding sites obtained for these ectodomam 
tested individually. This suggested a simultaneous binding 
of bFGF to both ectodomains. as a ternary complex that 
has greater stability than that mediated by soluble heparin. 

Discussion 

Our results demonstrate that three different syndecans 
and "Ivpican can promote the binding and activation of a 
pecinc kinase receptor form. i.e.. the "Ic splice vanan of 
the FGFRl by a specific member of the FGF family, i.e.. 
bFGF (FGF2), when expressed with the FGFRl as core- 
ce'ptor paVrs in transfectant K562 cells. All the forms that 
were tested boost the expression of cell-surface HS in 
these hematopoietic cells, facilitating the saturation of the 
receptor with arowth factor and increasing the sensitivity 
of the cells to "low doses of the growth factor that inhibit 
their erythroid differentiation. We conclude that cell-sur- 
f"ce Pris can function as partners for the tyrosine kinases 
in a dual FGFR system, and that several different torms ot 
this category of cell-surface components can provjde th^ 
source of HS that is required for effective FGF-FGFR bind 
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Figure 9. Effect of bFGF on GpA expression in K562 cells. The 
various K562 cell populations were cultured for 72 h in serum- 
free medium supplemented with BSA. transferrin, and insulin. 
After exposure to the indicated concentrations of bFGF for an 
other 72 h in this medium, the cell-surface GpA expression was 
measured by quantitative immunofluorocytometry. The dis- 
played relative mean fluorescence intensity values were calcu- 
lated as indicated in Materials and Methods. Receptor-trans- 
fected cell populations (a) responded with a dose-dependent 
decrease in GpA expression. At the maximal concentration of 10 
ng/ml of bFGF, the GpA was reduced by 60-70% in all transfec- 
tants. PG-transfected clones, however, responded at significantly 
lower bFGF cunccntraiions than R-Q and /?-anti-Syn4 cells, e.g., 
at bFGF concentrations as low as 0,5 ng/ml /?-Glyp still showed a 
27% suppression, and /?-anti-Syn4 cells showed only a 9% sup- 
pression. Chloratc-trcatcd R cells (6) were nearly unresponsive 



ing interactions. A low incidence of active HS sequences in 
these PCs may be compensated by their membrane anchor- 
age and concentration at the cell surface. 

K562 Cells as a Model for Studying Cell-surface HS 

K562 cells were selected for these studies because a survey 
of a large panel of cells with the HS-specific mAbs 10E4 
and 3G10 had indicated that these cells were able to syn- 
thesize authentic HS, a minimal requirement to potentially 
support bFGF-receptor interactions, but in low and possi- 
bly insufficient amounts to support these interactions effi- 
ciently. The aim was to test whether transfections with 
cDNAs coding for cell-surface PGs could compensate for 
this relative HS deficiency. The results show that after 
these transfections, K562 cells are capable of expressing 
^5-10-fold higher levels of cell-surface HS, and that the 
endogenous and transfectant cell-surface PGs that account 
for this HS can be fractionated in distinctive charge and 
size classes that result from the intrinsic variability of the 
posttranslational modifications of these proteins. Compar- 
ative quantitative immunocytofluorometry indicated that 
the HS expression in the K562 transfectants reached simi- 
lar levels as in human lung fibroblasts (not shown), sug- 
oestins that these transfectants provide relevant models 
for the display of cell-surface HS in constitutive high ex- 
pressors. It may be significant, however, that the gain of 
HS in these cells is more pronounced for the PG fractions 
that elute early from MonoQ (substituted with fewer and 
less sulfated chains) than for those that elute later in the 
salt gradient (substituted with more and more highly sul- 
fated chains) {Fig. 4). Together with the reduced levels of 
HS glycanution of the endogenous syndecan-4 in the trans- 
fectants, these results suggest that in K562 cells, individual 
core proteins compete with each other for a limiting HS 
slvcanation machinery, and that in high expressors, a 
smaller proportion of the PGs therefore reaches the most 
extensive levels of substitution and modification. These 
findings are reminiscent of results obtained for the synthe- 
sis of antithrombin lll-binding HS sequences in transfec- 
tant endothelial and fibroblastic cells, where several con- 
secutive transductions of a syndecan-4 expression vector 
progressively enhanced the production of core protein and 
total HS in these cells, but reduced the levels of antithrom- 
bin lll-bindinu HS present on transfectant and endoge- 
nous PG (Shworak et al., 1994). This suggests that the pro- 
duction of defined HS sequences can be saturated and that 
the specific activities of the PGs in terms of these se- 
quences depend at least in part on the core protein expres- 
sion levels. In the K562 PG transfectants, the transfectant 
cores drive the synthesis of ~90% of the cell-surface HS, 
but these expression levels still appear compatible with the 
production of fully modified forms of PG and the produc- 



to bFGF, but the effect of bFGF could be restored with exoge- 
nous heparin (added at 100 ng/ml). Exposure of the wild-type or 
the non-receptor-transfected cell populations (c) to bFGF m 
combination with or without heparin did not result in significant 
changes in GpA mean fluorescence intensity. Treatment of K562 
cells with the phorbol ester PMA (2 nM, over 72 h) induced an 
80% loss of GpA expression (shown only for wild-type cells in c). 
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Figure 10. Coim mobilized HSPG increases the affinity of bFGF 
for the ectodomain of FGFRl. Piasmids coding for COOH-ter- 
minal 6xHis-tailed forms of the ectodomain of FGFRl {FGFRIe) 
and syndecan-4 (Syn4e) were expressed in K562 cells. These 
6xHis tags bind with high affinity (/Cj = 10"'^) to Ni-loaded beads 
(a). Binding of radiolabeled bFGF to Ni-NTA-immobilized 
FGFRIe in the presence or absence of Syn4e, tr>'psinized Syn4e 
(which lacks the 6xHis tag and therefore can not bind to the Ni- 
NTA resin), or heparin was measured at varying concentrations 
of growth factor (h). The affinity of the binding was calculated 
from the specifically bound versus free radiolabel at various 
bFGF concentrations. The data are depicted as Scatchard plots. 
The concentrations of FGFRIe and Syn4e used were such that 
the maximal number of bFGF-binding sites provided by each 
component individually (as determined from separate binding ex- 
periments) were identical. 



tion of the sequences required for bFGF binding and acti- 
vation. It is conceivable, however, that similar transfec- 
tions in cells that express large near-saturating amounts of 
endogenous HSPG could have adverse effects on the syn- 
thesis or colinearity of the sequences that are required for 
bFGF activation, and that this competition might explain 
how the expression of syndecan-1 in 3T3 cells suppresses 
the growth response of these cells to bFGF (Mali et al.. 
1993). 



Facilitation of bFGF-Receptor Binding by 
Cell-surface HS 

The effects of chlorate on the binding of bFGF to R trans- 
fectants and of heparin on chlorate-treated R transfectants 
were consistent with the observations of several other in- 
vestigators, suggesting a clear HS-dependency of the spe- 
cific binding of bFGF to FGFRl(IIIc) and indicating that 
K562 cells were able to produce the HS sequences that are 
required for the stimulation of this binding. Heparin, how- 
ever, also enhanced the levels of specific bFGF binding in 
R-0 cells that were not treated with chlorate, indicating 
lack of receptor saturation in these cells despite normally 
saturating concentrations of added growth factor, possibly 
caused by PG receptor imbalances in these receptor-over- 
expressing cells. The saturation of the receptor in the R-?G 
transfectants confirms this interpretation and indicates 
that all the different cell-surface PGs tested can comple- 
ment for the relative HS deficiency of these cells. Reduced 
levels of receptor saturation in /?-anti-syndecan-4 transfec- 
tants in comparison to R-O cells support the contention 
that cell-surface PGs contribute to receptor binding in 
K562 cells, in apparent discrepancy with previous sugges- 
tions that these forms are inactive or even inhibitory in 
this respect ( Aviezer el al.. 1994^/). Distinctive PG require- 
ments for activation of the receptor in cis- and tnins- 
modes, or unique activities of the PGs in these cells, could 
account for this discrepancy. 

Our cell-free assay demonstrates that bFGF binds to the 
ectodomain of the two-Ig domain form of human FGFRl 
in the absence of heparin, and that heparin moderately en- 
hances the affinity of this binding interaction, which agrees 
with the results reported by several other investigators 
with similar constructs (Kiefer et al.. 1991; Bergonzoni et 
al., 1992; Roghani et al.. 1994). In this assay, a syndecan 
ectodomain made by K562 cells that could be coimmobi- 
lized with receptor proved to be an effective strengthcner 
of the binding interaction, whereas the same ectodomain 
provided in equimolar amounts, but in soluble form, had 
no detectable activity. The failure of these soluble ectodo- 
mains is in agreement with previous binding results ob- 
tained for receptor-reporter fusion proteins and soluble 
cell-surface PG in cell-free assays (Aviezer et al., 1994^/) 
and for the activation of receptor in HS-detlcient cells by 
exogenously added PG (Aviezer et al.. 19946). whereby 
several of the cell-surface PGs that were studied here were 
proven to be ineffective. All together, these findings sug- 
gest that cell-surface PGs are not intrinsically ineffective, 
but that membrane-imbedded and solubilized forms of the 
PGs from a particular cell differ in their activities on 
bFGF-receptor binding in that the former lead to higher 
effective concentrations of reactants with higher apparent 
binding affinities as a result. 

The results from the affinity cross-linking experiments 
are also consistent with a role for cell-surface HS in the re- 
ceptor-ligand interaction. They show specific receptor 
binding in R cells and an increase in receptor-cross-linked 
*^I-bFGF for the R-0 and chlorate-treated R-PG cell pop- 
ulations upon the addition of heparin, consistent with the 
stimulator;/ effect of heparin on receptor occupancy in 
these cells. Somewhat surprisingly, since heparin did not 
promote or decrease receptor occupancy in R-PG trans- 



fectants. heparin very consistently decreased the cross- 
linking efficiencv in all R-?G cells. This difference in re- 
ceptor-ligand cross-linking efficiency between PG-mediated 
and (in the presence of a large excess of heparin) probably 
heparin-mediated receptor-ligand complexes suggests the 
formation of distinctive receptor-ligand complexes in the 
two situations. Cross-linking Ukely involves sites within 
the bFGF-receptor complex other than those directly in- 
volved in the binding interaction, and depends on the con- 
figuration of the complex, the realized approximations, 
and the stabiUty of the complex. Conformational changes 
induced by exogenous heparin, but not by HS, that may be 
irrelevant for binding might disturb bFGF cross-linking. 
The finding that ternary complexes mediated by surface- 
immobilized ectodomains are more stable than heparin- 
mediated complexes might also be relevant and relate to 
the reduction in FGFR-FGF cross-links in the presence of 
heparin. The observation at least suggests that exoge- 
nously added heparin does not exactly reproduce the pro- 
cess of PG-mediated binding and cannot be used as the 
sole model to define the molecular requirements for re- 
ceptor occupancy by growth factor and activation. 



Receptor Activation by Cell-surface HS 
The fact that K562 cells that expressed high levels of cell- 
surface HS, {R-?G cells) responded more cleariy to low 
bFGF concentrations than low expressors, (R-O and /?-anti- 
Syn4 cells) further supports the contention that, at low 
doses of growth factor, ligand-induced FGFR stimulation 
and signaling depend on the availability of sufficient and 
appropriate sources of HS at the cell surface (Roghani et 
al., 1994). Our data show that several different cell-surface 
PCs originating from separate molecular families are able 
to provide this source, at least for the bFGF-FGFRl mter- 
action, in cells with the appropriate HS-synthesizing ma- 
chinerv. and when expressed at the cell surface of the re- 
ceptor-expressins cells. Relatively low specific activities ot 
the cell surface PGs with respect to the fostering of recep- 
tor-^^rowth factor interactions may be compensated by 
this membrane association, essentially limiting the activity 
of these PGs to the cis mode. Considering the relative met- 
fectiveness of the soluble PG ectodomains as promoters of 
the bFGF-receptor interaction, it may be significant that 
all syndecans have conserved a putative protease cleavage 
site 'in their ectodomain, and that glypicans are linked to 
the cell surface by phospholipase-susceptible bonds. Syn- 
decan shedding is known to occur, at least under in vitro 
conditions, and phospholipase D activities that release sol- 
uble bFGF-HSPG complexes have recently been identi- 
fied in HeLa cell and bone marrow stromal cell cultures 
(Metz et al., 1994). From our results, we would predict that 
at low concentrations of growth factor, protease- and li- 
pase-induced sheddings of the cell-surface PGs will lead to 
a dilution of the reactants, dissociation of the receptor 
complexes and downregulation of the signaling pathway, 
unless other PGs with possibly unique fram-activation po- 
tentials, such as the perlecan synthesized by cultured fetal 
lun- nhroblnsts f Aviezer et al., 1994Z?), can compensate 
for this loss. This leads to the speculation that PG sheddmg 
mav provide moans for acute regulation of c/5-activated hep- 
arin-dependent pathways, next to possibly slower regula- 



tions via controls on the synthesis of the core proteins and 
the required HS sequences. 

The authors are particularly grateful to Helga Ceulemans. Christien 
Coomans, and An Raye for their expert technical assistance, and to Bart 
de Strooper, Mathijs Baens, Luc van Rompaey. and Peter Marynen for 
many helpful suggestions. We also thank the staff of the Laboratones for 
Experimental Immunology and Experimental Hematology for advice on 
the use of the FACSort and the Lysis 11 program, 

niis work was supported by grants 3.0073.91 and U,418.93 from the 
Nationaal Fonds voor Wetenschappelijk Onderzoek of Belgium, by grant 
7 0033.92 from the action Levenslijn-Multiple Sclerose, by a grant from 
the Belgian Cancer Association, and by the Interunivers.tary Network for 
Fundamental Research sponsored by the Belgian government (1991- 
1995). G. David is a research director of the Nationaal Fonds voor Weten- 
schappelijk Onderzoek of Belgium. 

Received for publication 10 February 1995 and in revised form 22 Novem- 
ber 1995. 



References 

Armstrong, E., S. Vainikka, J. Partanen, J. Korhonen, and R, Alitalo. 1992 Ex- 
pression of fibroblast growth factor receptors in human leukemia cells. Can- 
cer Res. 52:2004-2007. . . - . ^ r. 

Aviezer D E. Lew. M. Safran. C Svahn, E. Buddecke. A. Schmidt, G. David, 
I Vlodavskv. and A. Yavon. 1994«. Differential structural requirements of 
heparin and heparan sulfate proteoglycans that promote binding of basic fi- 
broblast urowih factor to its receptor. 7. Bioi Chem. 269:114-121. 

Aviczcr D ^D. Hechi, M. Safran, M. Eisinger. G. David, and A. Yayon. 1994^). 
Pcriccan. basal lamina proteoglycan, promotes basic fibroblast growth fac- 
tor-receptor bindinu, mitoucnesis. and angiogenesis. Celi 79:IO05-101j. 

Berc^onzoni. U P. Caccia. O. Clctini. P. Sarmicntos, and A. Isacchi. 1992. Char- 
acterization of a biolo-icaltv active extracellular domain of fibroblast growth 
factor receptor I expressed in Esdicrichia coll Eur, 7. Biodiem. 210:82j.- 

Cheliaiah AT.. D.G. McEwen. S. Werner. J. Xu. and D.M. Ornitz. 1994. Fibro- 
blast urowih factor receptor tFGFR) 3. Alternative splicing m >^"^""oslob- 
ulin-like domain III creates a receptor highly specific tor acidic FGF/FGF-l. 
y. Bioi Chem. 269:11620-116:7. 
David G V. Lories. B. DeciK-k, P. Marynen, J.-J, Cassiman. and H. van den 
Be^nhe 199(1. Molecular cloning of a phosphatidylinositol-anchored mem- 
brane heparan sulfate proteoglycan from human lung tibroblasts. X Cell 
Bioi 111:3165-3176. ^ . 

David C X M. Bai. B. van der Schueren. J.-J. Cassiman. and H. van den 
Berghe. I9<;2i/- Developmental changes in heparan sulfate expression: in situ 
detJciion with monoclonal antibodies. 7. Cell Bioi 1 1^:961-97^ 
David. G.. B. van der Schueren. P. Marynen. J.-J. Cassiman. and H. vaa den 
Beruhe WZb. Molecular eloning of amphiglycan. a novel mtegral mem- 
brane heparan sulfate proteoglycan expressed by epithelial and fibroblastic 
eells.y.Ce//B/W. ll.S:96|-969. ^ ^ r m P..rn WH 

Dionne, C.A.. G. Crumlev. F Belloi. J.M. Kaplow. G. Searfoss. M. Ruta. W H. 
Burgess. M. Jave, and J. Schles.singer. 199<1. Cloning and ^■'JP/*^^^'^" ^^^^ 
distinct hiuh-affinity receptors cross reacting with ^Jldjc and basic fibroblast 
growth factors. EMBO (Eur. Moi Bioi Oramu) J. ^>^;2685-.692. 
Ei^mann, A., J.A. Ahn. G. Graziani. S.R, Trontck. and D. Ron. 1991. Alterna- 
tive splicing generates ai least five different isoforms of the human basic- 
FG F receptor. Oncogene, 6: 1 1 95- 1 202. 
Cuimond. S^ M. Maccarana, B.B. Olwin. U. Lindahl. -"jl ;.^^P^!f^;- 
1993. Activatimi and inhibitory heparin sequences for FGF-2 (ba.ic \r^t) 
Distinct requirements for FCF-L FGF-2. and FGF-4. 7. Btoi Chem. 268. 

HafJS^s' Suzuki. T. Saito. T. Tamura, T. Harada. K. Y<)shida and FC Ka- 
mata. I99r Structure of a heparan sulphate oligosacchande that binds to ba- 
sic fibroblast growth factor. Biochem. 7. 285:805-813. 
Hochuli E H. Dobeli, and A. Schacher. 1987. New metal chelate adsorbant se- 
lective for proteins and peptide containing neighbonng histidinc residues. J. 
C/iro/nflWer. 411:177-184. w- • loco i 

Honma Y.. J. Okabe-Kado, M. Hozumi, Y. Uehara, and S. Mizutni, I9b9. In- 
duction of ervthroid differentiation of K562 human leukemic "Us ^y herbi- 
mycin A, an inhibitor of tyrosine kinase activity. Cancer Res. '*9:33l-j34 
Ishihara M D.J- TvrTcll. G.B. Stauber. S. Brown. L.S. Cousens. and RJ- Stack. 
1993 'preparation of affinity-fractionated, heparin-derived oligosaccharides 
and their effects on selected biological activities mediated by basic fibroblast 
erowth factor. 7. Bioi Chem. 268:4675-4683. ^ u 

Joh^L. D.E., J. Lu- H. Chen, S. Werner, and UT. Williams. 1991. The human 
fibroblast growth factor receptor genes: a eonimon structural a^angemcnt 
underlies the mechanism for generating receptor forms that differ in their 
Uiird immunoglobulin domain. Moi Ccli Bioi U:4627-J634. 
Kan. M., F. Wang, J. Xu. J.W. Crabb, J. Hou. and W.L. McKeehan. 1993. An es- 



<;r^;nf^I,i et al. Dual FGF Receptor Systems 



415 



•scntial heparin-binding domain in the fibroblast growth factor receptor ki- 
nase. 5o>nce (Wash. DC). 259:1913-1921. ^ „ ,ooj r.n 

Kato M H Wang, M. Bemfieid. J.T. Gallagher, and J.E. Tumbull. 1994. Cell 
surface syndecan-l on distinct cell types differs in fine structure and ligand 
binding of its heparan sulfate chains./. BioL Chem. 269:18881-18890. 

Kcegan K D.E. Johnson, L.T. Williams, and MJ. Hayman. 1991. Isolation of 
an additional member of the fibroblast growth factor receptor family. 
FGFR-3. Proc. NatL Acad. Scu USA. 88:1095-1099. 

Kiefer. M.C. A. Baird. T. Nguyen. C. George-Nascimento. O.B. Mason. LJ. 
Boley, P. Valenzuela. and PJ. Barr. 1991. Molecular cloning of a human ba- 
sic fibroblast growth factor receptor cDNA and expression of a biologically 
active extracellular domain in a baculovirus system. Growth Factors, 5:115- 
127. 

Lories, V.. J.-J. Cassiman, H. van den Berghe, and G. David. 1989. Multiple dis- 
tinct membrane heparan sulfate proteoglycans in human lung fibroblasts./ 
Bioi Chem. 264:7009-7016. 

Lories, v., H. De Boeck. G. David, J.-J. Cassiman. and H. van den Berghe. 
1987, Heparan sulfate proteoglycans of human lung fibroblasts. / Biol. 
Chem. 262:854-859. 

Maccarana. M., B, Casu, and U. Lindahl. 1993. Minimal sequence in hepariny 
heparan sulfate required for binding of basic fibroblast growth factor. J. 
Bioi Chem. 268:23898-23905. 

Mali, M., K. Elenius, H.M. Miettinen. and M. Jalkanen. 1993. Inhibition of ba- 
sic fibroblast growth factor-induced growth promotion by overcxpression of 
svndecan-l.y. Bioi Chem. 268:24215-24222. 

Mali, M.. P. Jaakkola. A.-M. Arvilommi. and M. Jalkanen. 1990. Sequence of 
human svndecan indicates a novel gene family of integral membrane pro- 
teoglycans./ Bioi Chem. 265:6884-6889. 

Marynen. P.. J. Zhang, J.-J. Cassiman, H. van den Berghe. and G. David. 1989. 
Partial primary structure of the 48- and 9()-kilodalton core proteins of cell 
surface-associated heparan sulfate proteoglycans of lung fibroblasts. / Bioi 
C/icv». 264:7017-7024. 

Mason. IJ. 1994. The ins and outs of fibroblast gniwth factors. Ceii 78:547-552. 

Metz. C.N., G. Brunncr. N.H. Choi-Muira, H. Nguyen. J. Gahrilovc. I.W. 
Caras. .N. Allszulcr. D.B. Rifkin. E.L. Wilson, and M.A, Daviiz, 1994. Re- 
lease, of G PI -anchored membrane proteins by a ccll-associaicd GP! -specific 
phospholipasc D. E.VfBO (Ettr. Moi Bioi Or^an.U. 13:1741-17.M. 

Miki. T.. D.P. Boitaro. T.P. Fleming. C.L. -Smith, W.H. Burgess. A..M. Chan, 
and S.A. Aaronson. 1992. Detcrminatitin of ligand-binding specificity by al- 
ternative splicing: two distinct growth factor receptors encoded by a smgle 
gene. Prac. Sati^ Acad .Sd. USA. 89:246-250. 

Moscatelli. D. 1987. High and low affinity binding sites for basic fibroblast 
growth factor on cultured cells: absence of a role for low affinity binding in 
the stimulation of plasminogen activator productitm by bovine capillar\- en- 
dothelial cells./ Ccli Physioi I31:123-13{), 

Nugent. M.A.. and E.R. Edolman. 1992. Kinetics t>f basic fibrtibiasi growth fac- 
tor lo its receptor and heparan sulfate proteoglycan: a mechanism for coiip- 
erativity. BuKlwmistry. 31:8X76-8883. 

Nurcombe. V.. M.D. Ford. J. A. Wildschut. and P.F. Bartleit. 1993. Develop- 
mental regulation of neural respon.se to FGF-1 and FGF-2 by heparan sul- 
fate proteoglycan. .V<7Vmt' f lV(f.v/f. OCl 260:103-106. 

Omitz. D..V1.. Yayon. J.G. Ranagan. CM, Svahn, E. Levi, and P. Ledcr. 
1992. Heparin is required for cell- free binding of basic fibroblast growth fac- 
tor it) a stiluhic receptor and for mitoyenesis in whole cells. .Mni Ccli Bioi 
I2:24()-:47. 

Pantoliano, M.W.. R.A, Horiick. B.A, Springer. D.E, Van Dyk. T. Tobery. 
D.R. Wei more. J.D. Lear. A.T. Nahapetian. J.D. Bradley, and W,P. Sisk. 
1994. Multivalent ligand-receptor binding interactions in the fibroblast 
growth (actor system pr^nJuce a emiperative growth factor and heparin 
mechanism for recepli>r dimerizalion. Bitivhemistry. 33:10229-10248. 

Papayannopoulou. T.. B. Nakamoio. T. YoktKhi. A. Chait. and R, Kannagi. 
1983. Human eryihrolcukemia coll line (HEL) undergoes a macrophagc-likc 
shift with TP.^. BUuhI. 62:832-845. 



Partanen, J.. T.P. Makela. E. Eerola. J. Korhonen. H. Hir\onen, L. Qaesson- 
Welsh. and K. Alitalo. 1991. FGFR-4. a novel acidic fibroblast growth factor 
receptor with a distinct expression pattern. EM BO lEur. Moi Bioi Organ i 
/ 10:1347-1354. 

Rapraeger. A.C.. A. Krufka. and B.B. Olwin, 1991. Requirement of heparan 
sulfate for bFGF-mediated fibroblast growth and myoblast differentiation 
Science {Wash. DC), 252:l705-l7aS. 

Richardson, J.M., A.O. Morla, and J,Y J. Wang. 1987, Reduction in protein ty- 
rosine phosphorylation during differentiation of human leukemia cell line 
K562, Cancer Res. 47:4066-4070. 

Roghani. .M.. A. Mansukhani. P. Dell'Era. P. Bellosta, C. Basilico, D.B. Rifkin. 
and D- Moscatelli. 1994. Heparin increases the affinity of basic fibroblast 
growth factor for its receptor but is not required for binding. /. Bioi Chem. 
269:3976-3984. 

Saiki. R.K.. D.H. Gelfand. S. Stoffe!, SJ. Scharf. R. Higuchi. G, T. Horn, K.B, 
Mull is. and H.A. Ehriich. 1988. Primer-directed enzymatic amplification of 
DN A with a thermostable DN A polymerase. Science (Wash. DC). 239:487-^91. 

-Sambrook. J.. E.F. Fritsch, and T. Maniatis. 1989. Molecular Coning: A Labo- 
ratory Manual. Cold Spring Harbor Laboratory Press. Cold Spring Harbor. 
NY. ' 

Scatchard. G. 1949. The attractions of proteins for small molecules and ions. 
Ann. NY Acad ScL 51:660-672. 

Schiigger. H., and G. von Jagow. 1987. Tricine-sodium dodecyi sulfate-poly- 
acrylamide gel electrophoresis for the separation of proteins in the range 
from I to UK) kDa. Anai Biochem. 166:368-379. 

Seno. M-. R. Sasada. T. Kurokawa. and K. Igarashi, I99(), Carboxyl-terminal 
structure of ba.sic fibroblast growth factor significantly contributes to its af- 
finity for heparin. Eur. J. Bindienx. 188:239-245. 

Shively. J.E.. and H.E. Conrad. 1976. Formatit)n of anhydrosugars in the chem- 
ical depolvmerizalion of heparin. Binchemistry. 15:3932-3942. 

Shwtirak, N.W.. .M. Shirakawa. S. Colliec-Jtmauii, J. Liu. R.C. Mulligan. UK. 
Birinyi. and R.D, Rosenberg. 1W4, Pathway -specific regulation of the syn- 
thesis of anticoauulanllv active heparan sulfate. / Rini Chi-m. 2ft9:2494i- 
24952. 

Spivak-Kroizman, T.. M.A. Lemmt)n. 1. Dikic. J.E. Ladbury. D. Pinchasi. J. 
Huang. .M. J aye. G. Crumley. J. .Schlessinger, and 1. Lax. 1994. Heparin- 
induccd i)ligomeri/ation of FGF molecules is resp<»nsible for FGF receptor 
Jimerizalion. activation, and cell proliferation. Ccli 79: Ml 15-1024. 

Turnhull, J.E.. D.O. Fernig. Y. Ke. M.C. Wilkinson, and J,T. Gallagher. 1991 
Ideniilication of the basic fibroblast growth factor binding ^equencc in fibro- 
blast heparan sulfate. / Bioi Chan. 267: 10337-10341 . 

Tyrrell- D.J,. .M. Ishihara. N. Rat>. A. Home, M. C. Kiefer. G. B. Slauber. L.H. 
Lam. and R.J. Stack. 1993. Structure and biological activities of a heparin- 
derived hexas;iccharide with high affinity for basic fibroblast grtiwth factor. 
/ Biid Chem. 2b8:46,S4-l6S9. 

Walker. .\., J.E. Turnbull. and J.T. Gallagher. 1994. Specific heparan >uU*ate 
s,iccha rides mediate the acliviiy of basic fibroblast growth factor. / Biol. 
CVuv/i. 269:931-935. 

Wennstrom, S., C. Sand.strom. and L. Claesstin- Welsh. IWl. cDNA cloning and 
expression *if a human FGF receptor \%hich binds .iciUic and basic FGF. 
Grmvth Factors. 4:I97-:(JS. 

Werner. S.. D.S. Duan. C. de Vries. K.G. Peters. D.E. Johns* )n, and L. T. Will- 
iams. 1W2. Differential splicing in the extracellular region of fibroblast 
urowih facti»r receptor I generates receptor variants wuh different ligand- 
hindinir specificities, Mtfi ( 'cli Bud 1 2:.S2-i'<.S. 

Yayon, A.. M. Klagsbrun. J.D. Esko, P. Leder. and D..\I. Grniiz. I Wl. Cell sur- 
face, heparin-like molecules are required t\>r binding of basic fibrt)blast 
iirovvih factor tt» its hiuh affinitv reccpmr. Ccli fa;S4 1 -.S4S. 

Yayon, A.. Y, Zimmer. G.H. Shen, A. Avivi. Y. Yarden. and D. Givtil. 19^)2, A 
confined variable region confers ligand specificity on fibroblast growth fac- 
tor receptors: implications for the origin of the immunoglobulin fold. EMB 
(Eur. Moi Bioi Ori;an.i J. 11:1885-1890. 



RECENT PROGRESS IN HORMONE RESEARCH. VOL. 51 



ably deficient endogenous GHRH 
in this effect. That suggests that 
ut could be used in its treatment, 
ng [in June 1995) appear to bear 

s on body composition. With Dr. 
2ton, we have been treating older 
[ion in intraabdominal fat. This is 
.atile GH release, 
la from portal blood sampling do 
nay be a rebound increase. Since 
»n. you would not want to suppress 
u have any data suggesting aniag- 
.-compound? 

conducted with Dr. Schwartz. The 
sarily tell us what the local effects 
;ed. the electrophysiology results 
r point is that very subtle changes 
have seen this from mathematical 
linor Stephens and Gareth Leng at 
ostatin might be involved, 
I would like to comment that IGF- 
imus. Would you please comment 
,n by a long-acting GHRP mimetic 

ise. at least in the animal models in 
ts seems to be hypothalamic. 

regarding the rapidly desensitizing 
y rapidly in the continued presence 
r. the desensitization can be blocked 
ve therefore that pulsatility is con- 

their respective receptors and the 
tro if we apply somatostatin on top 

ce of the MK0677 or the **L-com- 

tfance pathway; the half-life of the 

I the treated animals shown in your 
diabetogenic effects) in your animals 

effects in our studies to date. 

n terms of signal transduction? TRH 

obi I i zing agent like the L-compounds 

nbined effects with TRH. TRH does 

4? This may be important in a number 
1 children, etc. 

RH as found by chronic treatment of 
detail. 



The Melanocortin Receptors: Agonists, Antagonists, 
and the Hormonal Control of Pigmentation 

Roger D. Cone,* Dongsi Lu,* Sandhya Koppula,* Dag Inge 
Vage/ Helge Klungland/ Bruce Boston,* Wenbiao Chen,* 
David N. Orth,* Colin Pouton,* and Robert A, Kesterson* 

*Vo{lum Insritute for Advanced Biomedical Research. Oregon Health Sciences University, 
Portland, Oregon 97201: * Department of Animal Science, Agricultural University of Norway, 
As, Norway N-1432: department of Medicine, Vanderbilt University Medical Center, Nashville, 
Tennessee 37232-6306: §School of Pharmacy and Pharmacology. University of Bath. 
Bath. BA2 7 A Y United Kingdom 



abstract 

Molecular cloning experiments have led to the identification and characterization of a family of 
five receptors for the melanocortin (melanotropic and adrenocorticotropic) peptides. The first two 
members of the family cloned were the well-characterized melanocyte-stimulating honnone receptor 
(MSH-R) and adrenocorticotropin receptor (ACTH-R). The three new melanocortin receptors have 
been tenned the MC3-R, MC4-R. and MC5-R. according to the order of their discovery, and little is 
known at this point concerning their function. 

Agouti and extension are two genetic loci known to control the amounts of eumelanin (brown- 
black) and phaeomelanin (yellow-red) pigments. Chromosomal mapping demonstrated that the MSH- 
R, now temied MCl-R. mapped to extension. Extension was shown to encode the MCl-R, and 
mutations in the MCl-R are responsible for the different pigmentation phenotypes caused by this 
locus. Functional variants of the MCl-R. originally characterized in the mouse, have now also been 
identified in the guinea pig and cow. Dominant constitutive mutants of the MCl-R are responsible 
for causing dark black coat colors while recessive alleles result in yellow or red coat colors. 

Agouti, a secreted 108 amino acid peptide produced within the hair follicle, acts on follicular 
melanocytes to inhibit a-MSH-induced eumelanin production. Experiments demonstrate that agouti 
is a high-affinity antagonist, acting at the MCl-R to block a-MSH stimulation of adenylyl cyclase, 
the effector through which a-MSH induces eumelanin synthesis. The MCl-R is thus a unique bi- 
functionally controlled receptor, activated by a-MSH and antagonized by agouti, both contributing 
to the variability seen in mammalian coat colors. The variable tan and black coat color patterns seen 
in the Gennan Shepherd, for example, can now be understood on the molecular level as the interaction 
of a number o( extension and agouti alleles encoding variably functioning receptors and a differen- 
tially expressed antagonist of the receptor, respectively. 

L Introduction 

Pigmentation is not ordinarily classified as an endocrinological phenomenon. 
Nevertheless there are many fascinating and striking examples of hormonal con- 
trol of hair and skin color, such as the seasonal control of pelage in the snowshoe 
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FIG. 2. Amino acid alignment of the melanocortin receptors. Horizontal dashed lines indicate the predicted location of the transmembrane 
domains. Amino acid residues conserved in many of the G protein-coupled receptors are indicated by heavy boxes, while residues identical in att of 
the known melanocortin receptors are indicated by the light boxes. Prerixes to each receptor indicate the species (H. human; M, mouse; R, rat; B, 
bovine; O. ovine). 
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DISCUSSION 

Fred Stomishak: Some wild fur-bearing species undergo a coat color change in response to 
changes in photoperiod; i.e.. from brown or black in spring or summer to white in fall and winter. Is 
this change in coat color from dark to white due to a block of the melanocortin receptor, reduction 
in melanocortin production, or some other mechanism? 

Roger Cone: The seasonal coat color change seen in animals like the snowshoe rabbit, Leptus 
americanuSr is unlikely to involve the MCI receptor or agouti peptide. These molecules are regulators 
of the relative levels of phaeomelanin (red-yellow) versus eumelanin (brown-black) pigments. Thus 
for example, animals lacking functional MSH receptor, such as the red guinea pig, still have plenty 
of melanin in hair and skin. Animals that turn white in the winter must have a complete absence of 
melanins, possibly as a result of a total inhibition of tyrosinase. While I am unaware of the mechanism 
by which melanin synthesis is blocked, data in the rabbit points to gonadotropic hormone as the 
triggering factor. 

Thomas Means: What are the mechanisms by which some of these receptors become consti- 
tutively active in the genetic models? 

Roger Cone: We do not yet have a detailed-Tnolecular model for constitutive activation of the 
MSH receptor in the mouse, cow, or fox. The data we have collected at this point, however, do not 
support the original model that we proposed in which E92 maintains the receptor in a constrained 
state via an electrostatic interaction (Robbins et ai, 1992). First, the model would predict that sub- 
stitution of any residue for the glutamic acid, with the possible exception of aspartic acid, would 
constitutively activate the receptor. This is not the case, suggesting that the insertion of a basic residue 
at position 92 is required for constitutive activation. Secondly, we have been unable to find any basic 
residues in the receptor that, when altered also, constitutively activate the receptor. 

Larry Davis: Are there ever circulating levels of a- MSH in humans that are great enough to 
contribute melanocyte activity and pigmentation? 

Roger Cone: Unlike other mammals examined, circulating levels of a-MSH are not generally 
detectable in man. Interestingly, the human MCI receptor is one to two logs more sensitive to ACTH 
than is the mouse receptor, suggesting that ACTH is die melanotropic peptide in man. Of course, 
while pathophysiologicaily elevated levels of ACTH can produce hypeqpigmentation in man, the role 
of normal pituitary-derived melanotropins in basal pigmentation is unclear. Hair pigmentation remains 
unchanged in the absence of pituitary function, suggesting that either basal MCI receptor function 
or locally produced melanocortin peptides are responsible for the normal production, by follicular 
melanocytes, of eumelanin in the hair. 

Larry Davis: Arc there known variations in a-MSH levels? 

Roger Cone: Abdel-Malek has recently shown that human melanocytes in culture do proliferate 
in response to a-MSH, which raises the important question that you have asked. One could imagine 
that constitutively active MC 1 receptors might be involved in some suge of melanoma induction, 
just as activated TSH receptors are found in thyroid tumors. To my knowledge, a thorough exami- 
nation of melanoma samples for MCI receptor mutations has not been done. One observation, how- 
ever, that may be relevant to the question is Uiat no enhanced incidence of melanoma has been reported 
for any of the darker-pigmented animals, such as the Sombre mouse, that already express constitu- 
tively active MC I receptors. 



REVIEWS 



Obesity, diabetes, and neoplasia in yellow I- mice: ectopic 
expression of the agouti gene 

TERENCE T. YEN*/ ANNE M. GILL*, LUCIANO G. FRIGERlJ GREGORY S. BARSH,^ AND 
GEORGE L. WOLFF* ^' 

•Lilly Research Laboratories, Eli Lilly & Co., Lilly Corporate Center, Indianapolis, Indiana 46285, USA; 
^Department of Molecular and Experimental Medicine, Scripps Research Institute, La JoUa, California 92037, USA; 
^Department of Pediatrics and Howard Hughes Medical Institute, Stanford University School of Medicine, Stanford, 
California 94305-5428, USA; ^Division of Nutritional Toxicology, National Center for lexicological Research, Food aoid 
Drug Administration, U.S. Department of Health and Human Services, Jefferson, Arkansas 72079-9590, USA; and 
Departments of Biochemistry/Moleculzir Biology and Pharmacology/Toxicology, University of Arkansas for Medical 
Sciences, Litde Rock, Arkansas 72205, USA 



ABSTRACT The viable yellow mutation results in 
a mottled yellow mouse that is obese, slightly larger than 
its nonyellow sibs, and more susceptible to tumor forma- 
tion in those tissues sensitized by the strain genome. The 
mutation exhibits variable expressivity resulting in a 
continuum of coat color phenotypes, from clear yellow to 
pseudoagouti. The mouse agouti protein is a paracrine 
signaling molecule that induces hair follicle melanocytes 
to switch from the synthesis of black pigment to yellow 
pigment. Molecular cloning studies indicate that the 
obesity and growth effects of the mutation result 
from ectopic expression of the normal agouti gene 
product. This review seeks to summarize the current state 
of knowledge regarding the obesity, stimulation of so- 
matic growth, and enhancement of tumor formation 
caused by the A^^ mutation, and to interpret these 
pleiotropic effects in terms of the normal function of the 

agouti protein. Yen, T. T., .Gill, A. M., Frigeri, L. G., 

Barsh, G. S., and Wolff, G. L, Obesity, diabetes, and ne- 
oplasia in yellow A^f- mice: ectopic expression of the 
agouti gene. FASEB J, 8: 479-488; 1994. 

IQy Words: obesity • diabetes • neoplasia * yellow mouse • agouti 
locus 

HISTORY OF THE A"^ MUTATION AT THE AGOUTI 
LOCUS IN THE MOUSE 

The viable yellow (A"^) mutation arose spontaneously in 1960 
from the agouti (A) allele at the agouti locus in the C3H/HeJ 
strain (1). The agouti locus is located between loci Hck-I 
(hematopoietic cell kinztse-l) and Src-I (Rous sarcoma virus 
proto-oncogene) in a section of mouse chromosome 2 that 
contains many mouse genes that have homologs (conserved 
synteny) on human chromosome 20q. 

This locus determines the relative amounts of black (eu- 
melanin) and yellow (phaeomelanin) pigment in the hairs. 
The species-type hair color pattern, "agouti," is common 
among mammals and is characterized by a subapical yellow 
band in black or brown hair; in mice heterozygous or 
homozygous for A"^ (hereafter -^^/-), there is usually an ex- 
cess of yellow pi^ent (see below). A"^ is one of four 
dominant agouti mutations associated . with pleiotropic 
effects, the most prominent of which are obesity and in- 
creased somatic growth. In addition, A"^ and at lea^t one 
other obesity- associated agouti allele, Uthal yellow {A^)y are 



associated with increased susceptibility to diabetes (2) and to 
endogenously and exogenously induced hyperplasia, 
preneoplastic lesions, and neoplasms (3). 

Most data reviewed here have been obtained with yellow 
VY/Wf-i4''Va mice, in which case black a/a littermates served 
as non-A^^ controls. Alternatively, Fi hybrids from matings 
of VY/Wf-i4^/a mice with mice of another inbred strain, 
e.g., EALB/c-A/A, produce A^'^/A and agouti {A/a) mice, the 
latter serving as the non-A""^ controls. 

The VY/Wf strain was developed at The Institute for 
Cancer Research, Philadelphia, from A^'^/a males and fe- 
males of the first and third generations of backcrossing of 
C3H/HeJ- onto C57BL/6J and were obtained from The 
Jackson Laboratory, Bar Harbor, Maine, in 1962; thus, the 
strain includes 6.25%-25% C3H/HeJ genome and 
75%-93.75% C57BL/6J genome. Breeding stock of the 
VY/Wf strain was provided to one of us (T.T.Y) at Eli Lilly 
& Co., Inc. in 1970, rederived by cesarean section in 1985, 
and maintained as strain VY/WfL, Strain VY/Wf was 
brought to the Nationsd Center for Toxicological Research 
by G.L.W, in 1972, Litters were derived by cesarean section 
and fostered on CSH-MTV" dams in the NCTR breeding 
colony in 1977. The resulting VY/WffC3Hf/Nctr- A"^ strain 
is maintained in a SPF barrier-sustained environment. 

THE AGOUTI GENE AND ITS ACTION 

The agouti gene has recently been cloned (4, 5). It is normally 
expressed in the skin, the testes, and during embryonic de- 
velopment. The encoded protein is 131 amino acids in length 
and consists of a signal sequence, a central region that is 
highly basic, and a cysteine-rich carboxyl terminus. Multiple 
iso forms differ by the nature of their promoters and as- 
sociated 5' untranslated exons and range in size from 697 
nucleotides (nt)^ to 792 nt, not including the polyA tail (Fig. 
K Fig. \B) (6). 
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Figure 1. ^^ouii gene structure and action. A) Exon and intron 
structure reveal that the protein coding sequence is contained wi- 
thin exons 2, 3, and 4. Multiple isoforms o( agouti mRNA differ in 
their 5' untranslated region and result from the use of different 
promoters and/or alternative splicing (6). A ventral-specific 
promoter results in isoforms that contain exon lA or exons lA and 
lA', whereas a hair cycle-specific promoter results in isoforms that 
contain exon IB or IC. B) The amino acid sequence of the agouti 
protein contains a signal sequence, an amino-terminal basic do- 
main with a high proportion of arginine and lysine residues, and a 
cysteine- rich carboxyl terminus. C) Possible mechanisms for agouti 
gene action, based on a secreted protein with a limited radius of ac- 
tion. Because the actions of a-MSH oppose and override those of 
agouti resulting in the synthesis of black pigment, the agouti protein 
may act by reducing the amount of active a-MSH available to the 
melanocyte; by interfering with activation of the melanocortin 
receptor, or by binding to its own receptor leading to an intracellu- 
lar block to melanocoain receptor activation. 



The agouti protein induces melanocytes within hair folli- 
cles to switch from synthesis of eumelanin (black pigment) 
granules to synthesis of phaeomelanin (yellow) granules, 
which become incorporated into a growing hair. A series of 
elegant transplantation studies (7; reviewed in ref 8) indi- 
cated that the gene product is produced by nonpigment cells 
and acts in a paracrine faishion, as it does not affect melano- 
cytes in adjacent follicles or melanocytes in the interfollicular 
epidermis. These observations are consistent with recent 
studies which demonstrate that agouti expression within the 
hair follicle occurs only during the time of yellow pigment 
synthesis (4, 5). Although agouti RNA is also expressed in the 
testes and during embryonic development (6), there is no 
known function for the gene in these tissues; even null muta- 
tions in agouii have delectable effects only on coat color (4, 9). 



The mechanism by which the agouti protein alters the 
function of melanocytes is not yet clear, although there are 
two different hypotheses (Fig. IC) based on the opposing in- 
teractions between agouti and the 13 amino acid peptide a- 
melanocyte stimulating hormone (a-MSH). a-MSH causes 
melanocytes to switch from the synthesis of phaeomelanin to 
eumelanin (10), an effect that is mediated through a Gs- 
coupled seven transmembrane domain receptor that has re- 
cently been cloned (11). The a-MSH receptor on melano- 
cytes is encoded by the extension {E) locus (12), cmd appears 
to be one member of a family of melanocortin receptors that 
also includes the ACTH receptor and at least two additional 
receptors expressed in the central nervous system (12-14). As 
expected, introduction of the a-MSH receptor into heterolo- 
gous cells results in the stimulation of adenylate cyclase (11, 
12). Exogenous a-MSH or exogenous dibutyryl-cAMP can 
override the eff'ects of local agouti protein production (15), 
whereas loss-of-function mutations in the a-MSH receptor 
(e) result in the production of phaeomelanin regardless of the 
level of agouti expression (13, reviewed in ref 7). Therefore, 
it is possible that the agouti protein acts as an antagonist of 
the receptor to prevent a-MSH-induced stimulation of 
adenylate cyclase (16). Lack of a functional a-MSH receptor 
in e/e mice (13) failed to prevent ^^-induced obesity (17), in- 
dicating that this receptor is not required for agouti- 
associated obesity. Development of obesity in yellow mice is 
also independent of yellow pigment synthesis as demon- 
strated by complete inhibition of the latter by a gain-of- 
function mutation [somber (£^°)] at the extension locus; totally 
black A^/aVE'VE* mice still become obese (18). 

A second hypothesis proposes that agouti protein binds to 
its own receptor and interferes with the action of a-MSH at 
an intracellular level (19). A putative agouti receptor might 
couple to another G protein that inhibits adenylate cyclase, 
or affects other intracellular messengers such as calcium or 
phosphoinositol. Distinguishing between these two hypotheses 
for agouti gene action has important implications for under- 
standing the molecular pathogenesis of ^"^-induced obesity 
and increased tumor susceptibility. 

THE A"^ PHENOTYPE 

Obese yellow A"^/- mice can be identified visually as early as 
2-3 days after birth and, in contrast to mice homozygous for 
the recessive obesity mutations ob and db, have somewhat 
heavier muscles and longer bones than their non-A"^^ sibs 
(reviewed in ref 20). No phenotypic differences between 
A'^/a and A^IA"^ mice have been described. 

Mottled A^l' mice exhibit variegation with agouti and 
black patches or continuous and discontinuous transverse 
stripes on a yellow background. The pattern of transverse 
stripes is similar to that observed in animals that are mosaic 
or chimeric for a coat color mutation whose effects are medi- 
ated via the dermis (21). This suggests that ^"^-associated 
expression of agouti is unstable during early embryonic de- 
velopment, but stabilizes and is clonally propagated before 
the allocation of progenitor cells to dermal segments. 

In general, effects of on nonpigment cells vary more 
or less concordantly with the coat color phenotype. Thus, 
yellow mice are obese and hyperinsulinemic, whereas pseu- 
doagouti mice sire lean and normoinsulinemic; however, the 
relative proportions of yellow pigment in mice with diff*erent 
degrees of mottling are not correlated with body weight. Even 
a small yellow area on an otherwise completely "pseu- 
doagouti" mouse is often sufficient to predict that the animal 
likely will become obese and hyperinsulinemic, and thus will 
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not fit the definition of pseudoagouti (G. L. Wolff, unpub- 
lished observations). 

MOLECULAR BASIS OF THE MUTATION 

Northern analyses of tissues from adult yellow A'^la mice, 
using an agouti cDNA as probe, demonstrate expression of an 
RNA indistinguishable in size from the normal agouti RNAs, 
but in every tissue of the body rather than just in the skin 
and testes. This RNA is not detectable by Northern analysis 
in tissues of pseudoagouti A^^la mice (Fig. 2). 

One of the most interesting aspects of A'^ is its variable 
expressivity with regard to coat color pattern, which is 
strongly influenced by the strain genome of the mother and 
by her agouti locus phenotype (22). Corresponding to the 
proportions of hair follicle melanocytes in which the agouti 
gene is expressed, A'^l- animals may be completely yellow 
(highest proportion), mottled (intermediate proportion), or 
pseudoagouti (lowest proportion). The phenotype of pseu- 
doagouti animals is similar, but not identical, to the nonmu- 
tant agouti phenotype; rather than a subapical yellow band, 
individual hairs may exhibit a disordered arrangement of 
yellow pigment throughout the entire hair (23). 

Molecular cloning studies indicate that the i4''y-specific 
RNA is chimeric, with a foreign 5' sequence derived from an 
intracisternal A particle (lAP) element (H, Vrieling, D. M. J. 
Duhl, K." A. Miller, G. T. Wolff, and G. S. Barsh, unpub- 
lished results). The 5' sequence is not translated, and is 
spliced to exons 2, 3, and 4 of the normal agovdi gene (H, 
Vrieling et al., unpublished results). Thus, the /I'^y-specific 
RNA encodes a normal agouti protein expressed in nearly ev- 
ery tissue of the body. These findings explain several genetic 
and biologic observations regarding A*^ . 

The variable expressivity of can be explained most 
easily by epigenetic inactivation of regulatory sequences wi- 
thin the lAP, as germline reversion to A has not been ob- 
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Figure 2. Molecular abnormalities in the mutation. Northern 
hybridization analysis of agouti expression in different tissues of 
adult yellow and pseudoagouti A^la mice. Total RNA (30 /ig) was 
isolated from brain (B), spleen (Sp), kidney (K), liver (Li), lung 
(Lu), heart (H), or skin (Sk) of yellow or pseudoagouti A^la mice, 
fractionated on a formaldehyde -agarose gel, and transferred to a 
nylon membrane. The blot was hybridized with a probe' that con- 
tained agouti coding sequences, stripped, and then rehybridized 
with a probe for the glyceraldehyde 3-phosphate dehydrogenase 
(Gapd) gene to control for amount of RNA present. Normally, 
agouXi RNA is expressed only in the skin and the testes. Although 
there is no RNA detectable in pseudoagouti animals, their pheno- 
type suggests a fine-grained mosaicism of agouti gene expression (see 
text). 
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served. The variegation observed in mottled A^^l- mice indi- 
cates that gene inactivation occurs stochastically among 
precursor cells during embryonic development before hair 
follicle clones are laid down; after this time it is clonally in- 
herited. This type of clonal inheritance might be maintained 
either by DNA methyiation or by changes in chromatin con- 
formation. Genetic studies (22) suggest that factors that 
influence A"^ gene inactivation depend on both strain back- 
ground and parental origin. 

The pseudoagouti phenotype is most easily explained by 
early inactivation of lAP regulatory sequences in every cell 
of the embryo, followed by partial reactivation in a small 
proportion of cells. An alternative explanation that the pseu- 
doagouti phenotype represents inactivation in most, but not 
all, cells of the animal seems less likely given that pseu- 
doagouti mice exhibit a fine-grained mosaicism rather than 
a single yellow stripe on an otherwise agouti animal. 



THE OBESE-DIABETIC SYNDROME IN THE 
YELLOW ^^y/- MOUSE 

Obesity and diabetes are serious health hazards, not only by 
themselves, but also especially as risk factors for cardiovascu- 
lar and respiratory diseases (24), In the U.S. 80% of type II 
diabetics are obese and about 20% of obese individuals are 
diabetic (25). Genetic rodent models of obesity and/or dia- 
betes are imponant tools for elucidating the pathophysiology 
of these conditions and for testing new therapeutic ap- 
proaches (26). The abnormalities in yellow A^l- mice are 
markedly different from those caused by the recessive mouse 
obesity mutations oh (obese) and dh (diabetes) and are 
reviewed in some detail. 

Parabiosis of strain YS/Wf (27) yellow A^la with black a/a 
littermates of the same sex between 4 and 28 weeks of age 
failed to affect the body weight or fat content of either part- 
ner (28). These data indicate that the agouti protein does not 
circulate, at least not in sufficient quantity to induce obesity. 
This is in accord with the autocrine/paracrine mode of ac- 
tion of the agouti protein as suggested by its effects on hair 
follicle melanocytes and on cultured cells. 

In contrast, parabiosis of fat dh/dh with lean nonmutant 
mice caused the lean partner to lose weight, become 
hypoglycemic, and die within 50 days of the surgery (29). 
When oh/oh mice were parabiosed with dh/db partners, the 
oh/ob mice became hypoglycemic, lost weight, and died of 
starvation. Parabiosis of ob/ob with lean nonmutant mice 
decreased the food intake and slowed the weight gain of the 
ob/ob partners compared with these parameters in ob/obiob/ob 
parabionts (30). These results are interpreted as indicating 
that ob/ob mice are unable to produce enough of a postulated 
circulating satiety factor to regulate their food intake, 
whereas db/db mice produce sufficient satiety factor but can- 
not respond to it because of a defective satiety center. 

In yellow A^ia or Ala mice, plasma corticosterone levels 
are not elevated above those in their nonyellow sibs, and 
adrenalectomy does not prevent development of obesity 
(reviewed in ref 3). In contrast, plasma corticosterone levels 
in ob/ob and db/db mice are elevated compared with their lean 
littermates (reviewed in ref 3). 

Neither thyrotrophin, growth hormone, nor prolactin is 
involved in the development of obesity in either yellow or 
obese mice as the absence of these hormones in yellow dwarf 
[Ala dw/dw) mice and obese dwarf {ob/ob dw/dw) mice 
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failed to prevent adiposity (reviewed in ref 3). Indeed, the 
effects of the agouti protein in increasing lean body mass, as 
well as fat deposition, are still expressed in yellow 
hypophysectomized nnice, even though to a lesser degree 
than in sham-operated mice (31, 32). 

Hyperphagia 

Yellow A^l- mice eat 10-36% more than their non-A''^ sibs, 
depending on genetic strain background (33-36). However, 
as in other genetic obesities in rodents, the degree of hyper- 
phagia alone does not account for the fourfold increase of 
carcass triglyceride content of yellow A^'^la mice (26%) com- 
pared with a/a controls (6%) (33). The results of the diet res- 
triction experiment (34) discussed in a later section suggest 
that increased efficiency of calorie utilization also plays a role 
in the development of obesity. This was confirmed by meas- 
urements demonstrating a threefold greater efficiency in fe- 
male yellow A'^'^fA than in female agouti A/a (BALB/c x 
VY)F1 hybrid mice (35). 

The effects of A^^ on body weight are apparent in mice 
fed a standard diet (4-6% fat), one with 10% fat (HF), and 
one with a high proportion of sucrose (HS). However, the 
effects of A^^ on insulin resistance and glucose metabolism 
are more pronounced with the HF and HS diets. 

Both the HF and HS diets were more diabetogenic in fe- 
male A^'^IA mice, as measured by an impaired glucose toler- 
ance test (GTT), than the control diet. GTT impairment in 
A^'^^IA mice was detected after 3 weeks of feeding; in con- 
trast, the GTT of female A/a control mice was minimally 
affected (35). 

Although hyperphagia in yellow A^^l- mice is not neces- 
sary or sufficient to account for obesity, an intriguing obser- 
vation, regarding a possible cause of hyperphagia is based on 
the effects of a-MSH compared with desacetyl-a-MSH. 
Bray et al. (36) found that the pituitary of yellow A^^la mice 
had a reduced o;-MSH:desacetyl-a-MSH ratio. Because 
desacetylated a-MSH was more potent than a-MSH in 
stimulating food intake (37), reduced acetylation of a-MSH 
may play a role in associated hyperphagia. Studies of 
adrenalectomized yellow mice showed that the effects of 
MSH peptides on food intake, weight gain, and fat storage 
were independent of, but interacted with, the effects of cor- 
ticosterone (38). It will be interesting to determine whether 
desacetyl-a-MSH has an altered affinity for melanocortin 
receptors that may be involved in eating behavior. 

Carcass triglyceride content 

At 6 to 10 weeks of age, yellow A^^l- mice exhibited twice 
the amount of carcass triglycerides per unit body weight 
compared with non-^"^ controls (33). By 5 months of age 
when their weights began to plateau, the carcass triglyceride 
content in yellow A'^la mice was about 26% of the body 
weight, 4.4-fold the amount compared with black a/a con- 
trols (33). 

These observations are in contrast to G57BL/6J-o^/o^ and 
Obl'QU¥.s]-db/db mice, which have a greater degree of 
obesity and an earlier onset. At 5 weeks of age, db/db and 
ob/ob mice already exhibited carcass triglyceride contents 3- 
and 4.5-fold those of their corresponding lean controls, and 
plateaued with triglyceride contents of 42% and 52%, 
respectively (33). These observations, in combination with 
morphometric data on adipocytes (39), led to the proposal 
that obesity of yellow A'^la mice is mosdy hypertrophic, 
whereas the obesities of ob/ob and db/db mice are mosdy 
hyperplastic (33). 



Lipogenesis and lipolysis 

One reason for the difference in the development of obesity 
between A^^la mice and ob/ob or db/db mice is the rate of 
hepatic lipogenesis (33), Although the lipogenic rate of i4''Va 
mice was twice that of age-matched young black a/a mice and 
sixfold that of age-matched adult black a/a mice, the rates of 
A^la mice were much lower at either age than those of ob/ob 
and db/db mice at corresponding ages (33). This may explain 
why yellow mice were more sensitive than ob/ob and db/db 
mice to antiobesity agents such as (40). When 

treated with LY79771, body weights of yellow mice 
decreased, whereas those of ob/ob and db/db mice plateaued 
but were not reduced. 

Regardless of its mechanism, an antiobesity agent per- 
turbs the balance between energy intake and energy output 
until a new balance is established. In ob/ob and db/db mice 
and fatty fa/fa rats, antiobesity compounds arrest the de- 
velopment of obesity, but the very high hepatic lipogenic rate 
maintains the existing obesity and, hence, high body weight. 
In yellow mice, the hepatic lipogenic rate is higher than nor- 
mal. However, in contrast to the rate in ob/ob and db/db mice 
and izxxy Ja/Ja rats, it is not high enough to maintain the 
obesity during administration of LY79771, and thus drug 
treatment results in weight loss. 

The sensitivity of yellow mice to antiobesity compounds is 
not restricted to j8-agonists such as LY79771 and LY104119 
(34). Other antiobesity compounds such as fluoxetine (41), a 
serotonin reuptake inhibitor that suppresses appetite, and 
ephedrine (42), which both suppresses appetite and stimu- 
lates thermogenesis, also reduced the body weight of yellow 
mice. 

With regard to lipolysis, studies of isolated adipose tissue 
in vitro indicated that the basal lipolytic rate of adipose tis- 
sue from yellow A'^la mice was about half that of a/a mice 
(43), possibly due to the difference in the density of adipo- 
cytes as a function of different adipocyte size (39). Therefore, 
the response to lipolytic agents between yellow and black 
mice was normalized according to the respective basal rates. 
Measured by the release of free fatty acid and glycerol, the 
response of A^la adipose tissue to epinephrine (43), the- 
ophylline (43), and the jS agonists \J{1911\ (44) and 
LY 104 119 (34) was lower than normal. However, the response of 
A"^la adipose tissue to dibutyryl cyclic AMP was normal (43). 

These observations suggest that yellow A^la mice have a 
defect in the signalling mechanisms responsible for generat- 
ing and/or maintaining intracellulcU" cyclic AMP in adipo- 
cytes. This was confirmed by measuring total cyclic AMP 
concentrations in the adipose tissue and incubation medium 
in the presence of LY79771 (44) and LY104119 (34). This sig- 
naling deficiency in adipose tissue provides a striking parallel 
to the effect of agouti in pigment cells. Although the cyclic 
AMP-coupled lipolytic defect is a contributing factor to the 
obesity of yellow A^la mice, it may not result from the 
direct action of the mutation as it is also present in obese 
ob/ob and db/db mice (45) and in obese A^/a mice (43). 

Thermogenesis 

An important determinant of energy balance and regulation 
of body weight is nonshivering thermogenesis, which occurs 
in brown adipose tissue under the control of the sympathetic 
nervous system (46). The accumulation of tissue dopamine 
resulting from the inhibition of dopamine /3 -hydroxylase by 
l-cyclohexyl-2-mercaptoimidazole is one method of measur- 
ing sympathetic tone that reflects the relative level of non- 
shivering thermogenesis (47). 
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Normally, heart, liver, and interscapular brown adipose 
tissue exhibit a marked diurnal rhythm of dopamine ac- 
cumulation, reaching a peak just before the initiation of the 
light cycle. In A^la mice this rhythm was dampened in the 
liver and brown adipose tissue but not in the heart (48), Con- 
cordantly, whole body thermogenesis of yellow A^la mice, 
measured with a gradient layer calorimeter, was about 75% 
that of a/a mice (34). As in the case of lipogenesis and lipoly- 
sis, changes in thermogenesis are also present in rodent 
obesity caused by other single gene mutations (46). 

When yellow A^la mice were forced to lose weight by res- 
tricting food intake to 80% of the ad libitum level, whole 
body thermogenesis decreased, presumably as a compensa- 
tory mechanism (34). Subsequently, thermogenesis in- 
creased to its preweight loss rate, but no further weight loss 
ensued. However, a subsequent 20% diet restriction (64% of 
ad libitum) caused further weight loss, but no change in ther- 
mogenesis, before the weight stabilized for the second time. 
These observations suggest that the change in thermogenesis 
is insufficient to account for the changes in body weight, and 
instead suggest that alterations in fuel efficiency account for 
the observed regulation of body weight. 

It seems likely that fuel efficiency increased after the first 
weight loss experience and thus the same level of thermogen- 
esis was maintained in spite of lower energy intake. Regula- 
tion, leading to increased fuel efficiency, could occur by a 
variety of different mechanisms and may be integrated by 
the hypothalamus (49). The fact that yellow mice are able to 
stabilize their weights at different levels of energy intake in- 
dicates that their hypothalamic control of energy homeosta- 
sis is intact but the set point for the equilibrium is high. 

The reduced thermogenesis could be corrected by )3- 
agonists such as LY79771 (50) and LY104119 (34). This, 
together with the ability of these compounds to stimulate 
lipolysis in these mice (34, 44, 50), resulted in weight loss. 

Hyperinsulinemia and pancreatic islet hyperplasia and 
hypertrophy 

Unlike db/dh mice that are hyperinsulinemic at 10 days of age 
(51) and oh/oh mice in which hyperinsulinemia is detectable 
by 4 weeks of age (52), A^IA (BALB/c x VY)Fi mice did 
not become hyperinsulinemic until about 6 weeks of age (53) 
and exhibited a sexual dimorphism in this characteristic as 
well as in the degree of hyperglycemia. By 2 months of age, 
plcisma insulin concentrations in femaJe yellow A^la mice 
were 4-fold those of controls, whereas those in comparable 
male mice were 10-fold those of a/a control mice (2). By the 
time the obesity of A^la mice peaked at 6 months of age, 
both male and female mice had plasma insulin levels more 
than 20-fold those of male and female black a/a mice, with 
female JC^fa mice usually having the highest concentrations 
(2, 54). 

Plasma insulin data from strain VY/WfL yellow A^la and 
black a/a mice younger thsin 5 weeks of age are not available. 
However, longitudinal studies of pancreatic insulin smd 
glucagon contents and pancreatic islet morphometries have 
been performed in two separate experiments. In one study, 
pancreatic islets of strain VYAVfL male smd female A^la 
and a/a mice were measured and counted at 21 days and at 
3, 6, and 12 mondis of age (T. T Yen and G. Williams, un- 
published data). No hyperplasia or hypertrophy of islets was 
observed in either male or female yellow mice at 21 days, but 
both were present at 3 months. In another study, the number 
of /3 cells was higher in male A^IA (BALB/c x VY)F1 
hybrid mice than in male A/a mice at 21 days of age; however, 
neither the insulin or glucagon contents per unit weight of 
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pancreas nor the mean total islet areas differed between 
A^IA and A/a mice (55). These data suggest that morpho- 
logical changes precede biochemical changes in pancreatic islets. 

A gender difference existed in islet size. At 6 months of 
age, the mean islet size of female a/a mice was 10-fold that 
of comparable male mice (2). Regardless of the gender diflfer- 
ence, 6-month-old male and female A'^la mice had islet 
sizes approximately twice as large as the corresponding a/a 
mice (T. T Yen and G. Williams, unpublished data). 
Although quantitative mouse to mouse correlations are not 
available, it appears that female A*^la mice are more 
hyperinsulinemic and have a higher degree of islet hyperpla- 
sia and hypertrophy than male A^la mice. 



Hyperinsulinemia and lipogenesis 

To define the temporal interactions among obesity, hyperin- 
sulinemia, and the activities of six hepatic lipogenic enzymes 
(glucose-6-phosphate dehydrogenase, 6-phosphogluconate 
dehydrogenase, malic enzyme, citrate cleavage enzyme, 
acetyl CoA carboxylase, fatty acid synthetase), a develop- 
mental study was conducted in A^^la and a/a mice at 2, 3, 5, 
and 8 months of age (56). Yellow A"^!- mice are especially 
suitable for dissecting the temporal relationships among these 
parameters because their obesity develops relatively slowly. 

In yellow mice, the specific activity of malic enzyme cor- 
related positively with body weight, liver weight, plasma in- 
sulin level, and age. The specific activities of citrate cleavage 
enzyme and 6-phosphogluconate dehydrogenase correlated 
positively with age, body weight, and liver weight. However, 
when adjusted for insulin level, correlations between other 
parameters disappeared, indicating that elevated plasma in- 
sulin level was a common factor that correlated with the in- 
crease of body and liver weight and with specific activities of 
malic enzyme and citrate cleavage enzyme. Correlation does 
not prove that hyperinsulinism is the cause of obesity in yel- 
low A^'^l' mice, but does suggest that it plays a central role 
in its development. 

Hyperglycemia 

Although obesity poses an increased risk for diabetes, not all 
obese people develop diabetes and not all diabetics au-e obese 
(25). This suggests that development of obesity and diabetes 
can be influenced by independent factors (57). Many obese 
human subjects exhibit only impaired glucose tolerzmce (58) 
and do not progress to a diabetic state (59) because both in- 
sulin resistance and ^ cell defects are required to precipitate 
type II diabetes (60). This is also true for the genetic rodent 
obesities (61), including A"^ (2). YeUow A^l- mice exhibit 
hyperinsulinism and insulin resistance, but the development 
of overt hyperglycemia depends on physiological factors that 
differ with strain background, gender, and diet. 

A case in point is that male and female yellow A^la mice 
with identical strain background are obese, hyperinsuli- 
nemic, insulin resistant, and glucose intolerant; however, 
only the males are hyperglycemic. Most female yellow mice 
are normoglycemic or, if their blood glucose levels are 
elevated, the elevation is slight. Administration of dex- 
amethasone induces hyperglycemia in female yellow mice 
(62), reminiscent of the diabetogenic effects of glucocorti- 
coids in humans (63). It can be reversed by dglitazone, a 
compound that improves insulin sensitivity (62). The induc- 
tion of hyperglycemia in female A^la mice is concomitant 
with the induction of hepatic estrone sulfotransferase (64), 
an enzyme that inactivates estrogens, supporting the 
hypothesis that estrogens confer protection against the de- 
velopment of diabetes (61). 
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Figure 3. Response of 3-month-old yellow /4''Va, pseudoagouti A'^^la, 
and black a/a female (YS/WffC3Hf/Nctr-a/^i x VY/WffC3Hf/Nctr- 
A''^)^x hybrid mice to an injected glucose load of 1 mg/g body 
weight. Assay method described in ref 54. A ) Plasma glucose con- 
centrations. B) Plasma insulin concentrations. 
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Insulin resistance 

The insulin resistance of yellow A"^!- mice has been quanti- 
tated directly in vivo and in vitro. The former was measured 
by the ability of exogenous insulin to lower fasting blood glu- 
cose or to improve glucose tolerance (2). The latter was de- 
termined in isolated adipose tissue by the ability of insulin 
to stimulate glucose metabolism (2) or to suppress hormone- 
stimulated lipolysis (65). In general, both types of measure- 
ments show increased insulin resistance in 6- to 7-month-old 
yellow A^l' mice compared with a/a mice (2). The degree of 
resistance is relatively greater in males compared with fe- 
males, and parallels the sexual dimorphism in hyperglyce- 
mia. MsLximal responses to insulin could not be elicited in 
either in vivo or in vitro systems, suggesting that insulin 
resistance in these mice is due to postreceptor defects (2, 53). 
Direct assays of insulin resistance in vivo in yellow mice 
younger than 6-7 months have not yet been performed; 
however, glucose metabolism in adipose tissue showed some 
insulin resistance in 2 -month -old male yellow A^la mice; 
this coincided with the earliest age at which hyperinsuline- 
mia was observed (2). To discern the cause and effect rela- 
tionship between hyperinsulinemia and insulin resistance 
will require analyses in even younger mice. 

Compounds that improve insulin sensitivity without 
decreasing body weight, such as ciglitazone (54) and 
Tanabe-174 (66), were able to normalize blood glucose and 
plasma insvdin without causing weight loss. This suggests 



that hyperinsulinism and insulin resistance are not required 
to maintain obesity in yellow A^^la mice. Although insulin is 
lipogenic, suntilipolytic, and thermogenic, hyperinsulinism 
and insulin resistance may play only a permissive, rather 
than a primary, role in the maintenance of obesity. On the 
other hand, insulin resistance does play a pivotal role in the 
expression of hyperglycemia. 

PLEIOTROPY AND THE LEAN PSEUDOAGOUTI 
A'^la PHENOTYPE 

As noted earlier, agouti mRNA could not be detected by 
Northern analysis in tissues of pseudoagouti A^'^la mice. 
These mice are similar in body weight to control black a/a 
mice. They aJso have normsJ glucose and insulin levels, and 
respond normally to a glucose load (Fig. 3/4, Fig. 35), Their 
rates of glucose oxidation and conversion of glucose to lipid 
are higher than those in the obese yellow A'^/a mice and 
resemble those of the a/a mice (67). However, these mice do 
not represent a complete reversion to the nonmutant pheno- 
type, as indicated by detailed anaJysis of their hair color pat- 
tern (23) and by their response to the tumor promoter lin- 
dane (see next section). 

Comparison of the responses of the pseudoagouti with the 
yellow A^la and black a/a mice makes it possible to dis- 
criminate between those physiologic, pathologic, and meta- 
bolic responses to particular agents associated with obesity 
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and those that are modulated by a presumed very low or 
mosaic expression of the agouti gene (68). For example, lung 
and liver tumor formation occurred in the lindane-treated 
pseudoagouti as well as in the yellow A'^/a mice, but not in 
the ^ black a/a littermates. In contrast, A^'^/a mice differ in 
some components of immunocompetence from pseudoagouti 
A'^'^/a and black a/a mice, but the pseudoagouti and black 
mice do not differ from each other (69). Likewise, in the lin- 
dane study (70, see below) the yellow A^'^/a females ex- 
perienced 50% mortality between 17 and 24 months of age, 
regardless of treatment group, whereas the pseudoagouti and 
black females experienced only half as great mortality, i.e., 
24% and 23%. 

GROWTH REGULATION, HYPERPLASIA, AND 
NEOPLASIA 

Enhancement of somatic growth by the A""^ and A^ genes 
and their influence on development of hyperplasia, 
preneoplastic lesions, and neoplasms were reviewed previ- 
ously (20), as was utilization of these characteristics in car- 
cinogenicity/toxicity bioassays (71), In genersd, the effects of 
A""^ on tumor development are rather subtle compared with 
other oncogenes. Endogenously ("spontaneous") or ex- 
ogenously induced tumors or hyperplastic precursor lesions 
may develop in a wide variety of epithelial and mesenchymal 
tissues in yellow A""^/- and A^/- animals, depending on the 
strain background and treatment with specific carcinogens 
(W. E. Heston and co-workers, reviewed in ref 3 and 20). 

Specific effects of ^4"^^ on tumor incidence in mice with ge- 
nomes susceptible or resistant to liver tumor formation are 
illustrated by the results of two studies. In one study yellow 
A'^/A and agouti A/a male mice with a susceptible (C3H x 
VY)F1 genome were fed a phenobarbital-supplemented diet 
for 1 year (72). No difference in the incidence (18%) of single 
hepatocellular adenomas was observed between the geno- 
types. However, multiple adenomas appeared in 36% of the 
yellow mice, but in only 5% of the agouti sibs. 

In the second study yellow A'^Va, pseudoagouti A^'^/a, and 
black a/a female mice with the (YS x VY)F1 genome, which 
is relatively resistant to liver tumor development, were fed a 
diet supplemented with lindane (7-hexachlorocyclohexane) 
for 24 months (70). The black a/a females were completely 
resistant to the compound, no formation of hepatocellular 
tumors or lung tumors above the background incidence 
( <5%) being observed. In contrast, hepatocellular adenoma 
incidence in treated yellow mice was increased 27% above 
background and 6% above background in treated pseu- 
doagouti females. Lung tumor incidence was increased 15% 
above background in the yellow mice and 7% in the pseu- 
doagouti mice. 

Increased somatic growth in yellow mice indicates an 
effect of the agouti protein on an unknown process (or 
processes) of growth regulation in the animal. The cumula- 
tive data from chronic bioassays of the response of A'^/a 
mice to various toxicants suggest that die presence of agouti 
protein in susceptible tissues also affects growth regulation at 
the cellular level and appears to potentiate/facilitate 
processes involved in cell transformation to hyperplasia and 
neoplasia. In addition, the anabolic tissue environrrtents in 
yellow mice stimulate tumor growth. 

The effects of A"^ on cell transformation in vitro have 
been examined in two different studies with apparently op- 
posite results. In one study, established cell lines from A'^/a 
fibroblasts exhibited elevated levels of spontaneous focus for- 
mation compared with cell lines from a/a mice of the same 



strains (73). In another study, primary fibroblasts from 
A^'^/a mice exhibited lower levels of spontaneous and N- 
methyl-N'-nitro-N-nitrosoguanidine (MNNG)-induced trans- 
formation compared with control fibroblasts from a/a mice 
(74). The apparent difference between the results of the two 
studies may reflect the different experimental protocols 
and/or the use of primary fibroblasts vs. established cell lines. 

In summary, expression of A''^ results in increased tumor 
susceptibility by itself and in combination with classical 
tumor promoters, both in genetically susceptible as well as 
in genetically resistant strain backgrounds. It is significant 
that, even though agouti expression could not be detected by 
Northern analysis in pseudoagouti mice, there is nonetheless 
a slight mcrease in tumor formation in this phenotype. 



POSSIBLE MECHANISMS FOR ^">^-INDUCED 
OBESITY AND FUTURE DIRECTIONS 

The il^y-specific RNA codes for a normal agouti protein. 
Similarly, three other obesity-associated agouti mutations also 
result from the ubiquitous expression of chimeric RNAs, 
which each encode a normal agouti protein (H. Vrieling et al., 
unpublished results). These observations suggest that A"'^- 
induced obesity results from ectopic activation of a signaling 
pathway that is used normally by hair follicle melanocytes, 
and leads to two alternative hypotheses (16, 19) based on pos- 
sible mechanisms for agouti signaling in hair follicles (Fig. 4/4). 

If the agouti protein normdly antagonizes the action of Of- 
MSH at its melanocyte receptor (melanocortin-1 receptor) 
(Fig. 45), then ectopic agouti expression is likely to an- 
tagonize the effects of a-MSH and related compounds at 
other melanocortin receptors, of which three have been 
cloned. None of the four cloned melanocortin receptors is ex- 
pressed in the liver, in the pancreas, or in adipocytes. There- 
fore, if a^ou/:-induced obesity is caused by melanocortin an- 
tagonism, ^"^-associated defects in lipolysis, lipogenesis, 
insulin sensitivity, and insulin overproduction are all likely to 
be consequences, rather than causes, of ^"^-induced obesity. 
Under this scenario, likely targets for agouti in nonpigment 
cells are expression of the melanocortin-3 and 4 receptors in 
the hypothalamus, which might lead to alterations in ther- 
mogenesis, eating behavior, and/or release of corticotrophic 
releasing factor. As described above, alterations in each of 
these components characterize all the rodent genetic obesi- 
ties including A"^. However, in no case does the magnitude 
of a particular alteration appear to be sufficient to account 
for the degree of obesity observed (reviewed in ref 26). 

A second hypothesis proposes that agouti binds to its own 
receptor in melanocytes, and that the same or a similar 
receptor is present on nonpigment cells in most tissues, in- 
cluding brain, and can account for the plethora of physio- 
logic derangements observed in yellow A^f- mice (Fig. 4C). 
This hypothesis is attractive given the parallels between 
adenylate cyclase metabolism in adipocytes and melanocytes 
of A'^/a animals. It could also explain why morphologic al- 
terations in pancreatic islets apparendy precede biochemical 
and physiologic derangements (55), assuming that agouti 
receptors are present on islet cells or their precursors. 

Two avenues of research are likely to be helpful in distin- 
guishing between these alternatives. The construction of 
transgenic animals in which agouti is placed under the control 
of tissue-specific promoters should indicate whedier obesity 
can be induced by expression agouti in potential target or- 
gans such as adipocytes or the pancreas. Development of an 
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Figure 4. Possible mechanisms of a^ou^i-induced obesity. A) Ectopic 
expression of the agouti protein in nearly every tissue explains 
similarities in the pleiotropic eflfects of A"^ and A^. Agouti is also ex- 
pressed ectopically in the dominant agouti mutants sienna yellow 
{A^ and intemudiaU yellow {A'^f) (24). A^'f and A'^f produce obesity 
but have not been characterized with regsird to tumor susceptibility, 
immune abnormalities, or glucose metabolism. B) U agouti acts by 
antagonizing the effects of melanoconins, the MR3 and MR4 
receptors in the hypothalamus and other portions of the brain are 
likely target sites to explain -^'^-associated obesity. In this case, al- 
terations in nutrient intake and a reduction in sympathetic tone 
may be primary events (indicated in boldface). Adrenergic agonists 
generally produce decreased insulin production and lipogenesis (in- 
dicated by the dotted lines) and increased lipolysis (indicated by 
solid line); therefore, changes in energy balzmce, hyperinsulinism, 
and insulin resistance that occur in a^ou/i-induced obesity would be 
secondary to a reduction in adrenergic tone. None of the four 
melanocortin receptors is expressed at significant levels in adipo- 
cytes, although low levels of the MR3 receptor can be detected in 
rat pancreas. C) If agouti acts by binding to an as yet unidentified 
receptor (AgR) expressed in islet cells and/or adipocytes, a direct 
and primary effect on insulin production and adipocyte metabolism 
would parallel the effects of agouti on G protein-coupled signal 
transduction in pigment cells. In this case, hyperphagia amd altered 
thermogenesis would be a secondary response. A putative agouti 
receptor might also be expressed in the central nervous system. 



in vitro assay for a soluble agouti protein should allow testing 
for antagonism to melanocortin receptor activation and/or to 
identify an agouti receptor using cell biologic approaches. 



CONCLUSION 

After almost 50 years of attempts to understand the physio- 
logic/metabolic bases of the "yellow mouse syndrome," clon- 
ing and sequencing of the agouti gene and definition of the 
regulation of its expression have made conceptual and ex- 
perimental integration of the molecular and physiologic 
aspects of the function of the agouti locus a practical possibil- 
ity. Such studies should lead to a better understanding of the 
cellular metabolic dysregulations that give rise to obesity, di- 
abetes, and neoplasia. 

This review is dedicated to the memory of Margaret M, Dickie 
who first described the mutation and provided the breeding 
stock from which Strain VY was developed. We thank K. B. Delclos 
and D. L. Greenman for constructive critiques of the manuscript. 
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Antagonism of Central Melanocortin Receptors 
in Vitro and in Vivo by Agouti-Related Protein 

Michael M. Ollmann,* Brent D, Wilson,* Ying-Kui Yang, 
Julie A. Kerns, Yanru Chen, Ira Gantz, Gregory S. Barsht 

Expression of Agouti protein is nomially limited to the skin where it affects pigmentation, 
but ubiquitous expression causes obesity. An expressed sequence tag was identified 
that encodes Agouti-related protein, whose RNA is nomially expressed in the hypo- 
thalamus and whose levels were increased eightfold in ob/ob mice. Recombinant Agouti- 
related protein was a potent, selective antagonist of Mc3r and Mc4r, melanocortin 
receptor subtypes implicated in weight regulation. Ubiquitous expression of human 
AGRP complementary DNA in transgenic mice caused obesity without altering pigmen- 
tation. Thus, Agouti-related protein is a neuropeptide implicated in the normal control of 
body weight downstream of leptin signaling. 



Analysis of mouse obesity mutations has 
helped define regulatory circuits that gov- 
ern energy expenditure (I). In mice carry- 
ing certain alleles of the Agoud coat color 
gene such as kthd yeUow (A^) or viable 
yeUouf (A*^), pleiotropic effects inicluding a 
yellow coat, obesity, and increased body 
length are caused by ubiquitous expression 
of chimeric transcripts encoding a normal 
Agouti protein (2-4). Agouti is a paracrine 
signaling molecule (5) that affects pigmen- 
tation by antagonism of the melanocortin 1 
receptor (Mclr) (6, 7), one of five related 
heterotrimeric GTP-binding protein-cou- 
pled receptors named for their ability to 
respond to a-melanocyte stimulating hor- 
mone (a-MSH) and adrenocorticotrophic 
hormone (ACTH) (8). Expression and ac- 
tion of Agouti is normally limited to the 
skin (3, 5), but recombinant Agouti protein 
will also antagonize Mc2r and Mc4r (6, 9), 
expressed primarily in the adrenal gland 
and the central nervous system (CNS), re- 
spectively (8, 10). 

Using a characteristic pattern of cysteine 
spacing from the CXOH-terminal region of 
Agouti to search an expressed sequence tag 
database, we isolated a gene from 129/sv 
mice and from humans that encodes a pro- 
tein nearly identical in size and genomic 
structure to Agoud that we named Agoud- 
rekued protein {Agrp) (Fig. lA). The same 
gene was recently described by Shutter et d. 
as Agpud-related transcript ( J I ). Reverse tran- 
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scriptase-polymerase chain reaction (RT- 
PCR) and Northern (RNA) hybridization 
experiments demonstrated that Agrp RNA 
was expressed primarily in the adrenal gland 
and the hypothalamus (Fig. 1, B and C). To 
investigate functional overlap between Agrp 



and Agoud, we examined whether the 
steady-state level of Agrp RNA would be 
altered by ectopic expression of Agouti in 
AVa animals. Northem hybridization analy- 
sis of hypothalamic and adrenal gland RNA 
from AVa or coisogenic aja animals revealed 
an ''^fivefold reduction of Agrp RNA in the 
hypothalamus of AVa animals (Fig. IC). We 
also measured die levels of hypothalamic 
AgTp RNA in ob/ob animals and found an 
«=*eightfold increase relative to coisogenic 
controls. In the adrenal gland, levels of Agrp 
RNA in A^/a and nonmutant animals were 
below the level of detection, but could easily 
be detected in ob/ob animals. 

To determine whether AGRP antago- 
nizes melanocortin signaling, we used the 
baculovirus expression system to produce 
conditioned media containing recombi- 
nant human AGRP, and measured antag- 
onist activity using a Xenopus melano- 
phore cell line developed by Lemer and 
colleagues (12). Melanophores provide a 
rapid and sensitive bioassay for melano- 
cortin agonists and antagonists because 
pigment granule dispersion induced by a- 
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Fig. 1. Staicture and expression oiAgrp. (A) Comparison of mouse and human AGRP sequences 
with that of mouse Agouti. Arrowheads indicate signal sequence cleavage sites; arrows indicate 
different forms of recombinant AGRP. Abbreviations for the amino acid residues are as follows: A. 
Ala; C, Cys; D, Asp; E. Glu; F. Phe; G, Gly; H, His; I. He; K. Lys; L, Leu; M, Met; N. Asn; P, Pro; Q, Gin; 
R. Arg; S, Ser; T, Thr; V. Val; W. Trp; and Y, Tyr, Cysteine residues are in bold. (B) RT-PCR assay for 
mouse Agrp RNA (23), (0) Northem hybridization assay for mouse Agrp RNA in brain tissues (9 \i.g, 
left) or in hypothalamus and adrenal glands of AVa and ob/ob mice (5 \ig, right); each lane represents 
RNA from a single animal. Relative ratios of Agrp RNA determined with a Phosphorlmager were 
based on signal from an exon 4 cONA probe compared with Actb and Gapd control probes 
hybridized to the same blot. 
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Rg. 2. AGRP activity in Xenopus melanophores. (A) One micro- 
gram of protein from serial steps in the purification procedure 
analyzed by silver-stained 4 to 20% SDS-potyacrylamide gel 
electrophoresis. Two liters of conditioned media (lane 1) was 
applied to a Blue Sepharose Fast Row Column, then eluted with 
40 mM CAPS (pH 10.8). 2.5 M NaCI. Fractions with a-MSH 
antagonist activity Oane 2) were concentrated (Centriprep 3), 
buffer-exchanged into 40 mM CAPS (pH 10.8), 20 mM NaCI. 
applied to a HiTrap Q anion-exchange column, then eluted with 
a 20 to 800 mM NaCt gradient in 40 mM CAPS (pH 10.8). (B) 
Major peaks of a-MSH antagonist activity in the flow-through 
(fractions 2 to 1 3. lane 3) and in fractions 20 to 26 (lane 4) were 
dialyzed into storage buffer [20 mM Pipes (pH 6.8), 50 mM 
NaCI]. NHg-terminal sequencing of the two predominant t>ands 
in each peak revealed mature AGRP and two heterogeneous 
smaller forms as indicated. AGRP purity, estimated by densi- 
tometry of a 10-M.g sample loaded on a 10% Tricine gel stained 
with ProBlue, was used to calculate effective concentrations of 
40 and 11 M-M for form A+B (lane 4) and fomn C (lane 3), 
respectively. (0) Quantitative a-MSH dose-response analysis of 
different Agrp forms measured at equilibrium conditions 1 80 min 
after addition of AGRP and a-MSH. In the 96-welI melanophore 
assay (72), pigment dispersion is calculated as 1/^^^ final - 
initial)M65o final, where is the absortDance at 650 nm. Data points represent mean ± SEM of triplicate samples. 
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Rg. 3, Effects of AGRP on human melanocortin receptors. 293 cells (hMCIR, hMC3R, hMG4R, or 
hMC5R) or 0S3 cells (hMC2R) stably transfected with the indicated receptor were preincubated with the 
indicated amounts of AGRP for 30 min; various amounts of a-MSH or ACTH were added for 30 min in 
the presence of 0.2 mM isobutylmethytxanthine, and total cAMP accumulation was detemnined on 
duplicate wells (9). Data points represent the mean ± SEM of 2 to 3 independent experiments. As a 
control for proteins other than AGRP, conditioned media from insect cells infected with an unrelated 
baculovirus were loaded and eluted from a Blue Sepharose column with conditions identical to those 
used for AGRP. dialyzed into storage buffer (490 jig/ml), then used at a dilution identical to that used to 
prepare 100 nM AGRP form A-hB. Nanomolar concentrations of AGRP form A+B antagonize the 
hMG3R and hMG4R but do not meet criteria for competitive antagonism (75); therefore, Kq values 
cannot be calculated. 



MSH can be measured in microtiter plates 
as a change in optical density (12). Using 
the ability of conditioned media to inhibit 
a-MSH-induced pigment dispersion, we 
partially purified multiple forms of AGRP 
that cofractionate with a-MSH antagonist 
activity by Blue Sepharose and anion-ex- 
change chromatography (Fig. 2). One 



peak of a-MSH antagonist activity con- 
tained mature AGRP with the signal se- 
quence removed (form A) and a mixture 
of three AGRP fragments cleaved after 
residues 46, 48, or 50 (form B). The sec- 
ond major peak contained AGRP frag- 
ments cleaved after residues 69 or 71 
(form C). 



Partially purified AGRP forms A+B and 
form C are potent, specific antagonists of 
a-MSH-induced pigment dispersion in Xe- 
nopus melanophores, with calculated antag- 
onist dissociation constant (Kg) values of 
7.0 and 1.2 nM, respectively (Fig. 2C). 
AGRP did not inhibit pigment granule dis- 
persion in the absence of a-MSH and did 
not inhibit pigment granule dispersion in- 
duced by forskolin, a direct activator of 
adenylate cyclase (13). 

To examine die selectivity of AGRP for 
human melanocortin receptors, we added 
various concentrations of AGRP form 
A+B to cell lines that had been stably 
transfected with each of the five different 
receptor subtypes, then measured the ability 
of a-MSH or ACTH to induce adenosine 
3 ',5 '-monophosphate (cAMP) accumula- 
tion. At concentrations up to 100 nM, 
AGRP had no effect on hMCIR or 
hMC2R, and only slightly inhibited 
hMC5R (Fig. 3). By contrast, AGRP con- 
centrations of 1 nM or more caused a dose- 
dependent inhibition of a-MSH-induced 
cAMP accumulation mediated by hMC3R 
andhMC4R. 

Because AGRP form C can antagonize 
a-MSH in melanophores (Fig. 2) or in 
Mc4r-transfected cells (13), the COOH- 
terminal cysteine-rich region is probably 
sufficient for biologic activity, as is the case 
for Agouti (14). Sequence comparison of 
AGRP and Agouti highlights a short region 
of similarity beginning with the third Cys 
residue, CCDPCAXCXCRFF, that may 
contain determinants required for melano- 
cortin antagonism (Fig. lA). Nonetheless, 
the exact biochemical mechanism by which 
these proteins act is not clear. Most evi- 
dence favors competitive antagonism, 
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Rg, 4. Effects of AGRP or human Agouti in transgenic mice. A p-actin human AGRP cDh4A constnjct 
nearly identical to one described previously for human Agouti (24) was injected into (C57BLy6J x 
CBA/J) embryos. One of six Fq founders (7 7) was bred to CS7BU6J animals. At 1 1 weeks of age. F, 
transgenic animals (females: n = 4; males: n = 3) weighed significantly more than nontransgenic 
littermates (females: n = 6, P = 0.0(XX)5; males: n = 6; P = 0.0(X)02). The time of onset and level of 
weight gain caused by the AGRP transgene (A) were similar to those caused by the Agouti transgene (B), 
but the AGRP transgene had no effect on pigmentation (C). Data points represent the mean ± SEM. 



whereby a-MSH and Agouti (or AGRP) 
bind to mutually exclusive sites on melano- 
cortin receptors (14). The effects of AGRP 
on melanophores are consistent with com- 
petitive antagonism, because increasing 
amounts produced a proportionate and par- 
allel displacement of the a-MSH dose-re- 
sponse curve without affecting maximal sig- 
naling (Fig. 2C). For the hMC4R, however, 
AGRP concentrations of 10 and 100 nM 
produced a decrease in basal levels of cAMP 
accumulation, as well as a decrease in the 
maximal level of a-MSH-induced cAMP 
accumulation (Fig. 3), neither of which is 
consistent with competitive antagonism 
(15). It has been proposed that some effects 
of Agouti are mediated by alterations in 
calcium flux ( 16), an intriguing finding giv- 
en the similarity in cysteine spacing be- 
tween Agouti, AGRP, and certain calcium 
channel antagonists (4). It is possible that 
Agouti or AGRP does not bind directly to 
melanocortin receptors or binds to more 
than one cell surface protein, uncertainties 
that may be resolved by studies of Agouti 
and AGRP binding. 

To determine whether or not Agouti 
and AGRP have comparable effects in vivo, 
we constructed transgenic mice in which 
the human AGRP cDNA was controlled by 
the ubiquitously expressed P-actin promot- 
er. Weight gain of six independent trans- 
genic founders was significantly increased 
over nontransgenic littermates (17), and a 
transgenic line was established. Among Fj 
animals carrying the p-actin AGRP trans- 
gene, increased weight gain was detectable 



at 4 weeks of age, reached levels 100 or 70% 
above that of nontransgenic females or 
males, respectively, and was nearly indistin- 
guishable from that caused by a 3-actin 
Agouti trar\sgene (Fig. 4). Body length and 
food cor\sumption were also increased by 
the AGRP transgene (17). By contrast, 
none of 15 animals carrying the AGRP 
transgene exhibited a difference in coat col- 
or from their nontransgenic littermates 
(Fig- 4). Thus, although AGRP mimics the 
effect of Agouti on weight gain, body 
length, and food consumption, it has no 
effect on pigmentation. 

Given the eightfold increase of hypotha- 
lamic expression in oblob mice, we propose 
that Agrp normally regulates body weight 
via central melanocortin receptors, analo- 
gous to the relation between Agouti and 
the Mclr for regulation of pigmentation. 
Huszar et al. (18) have shown that Mc4r- 
deficient animals develop obesity and met- 
abolic derangements that mimic those in 
AV~ mice, which suggests that obesity 
caused by ubiquitously expressed Agrp or 
Agoud is mediated largely by Mc4r. Howev- 
er, AGRP may also be a physiologic ligand 
of Mc3r (Fig. 3), which has been implicated 
in Agouti-induced obesity (19) and whose 
CNS expression (20) more closely matches 
that of Agrp. In the brain, Agrp RNA is 
localized primarily to the arcuate nucleus 
and median eminence (11), but unlike Ag- 
outi, which has a very small sphere of action 
in vivo (3), AGRP may diffuse more widely, 
particularly if it is processed to a smaller 
COGH-terminal form in vivo. AGRP is 



also produced by the adrenal gland but does 
not affect hMC2R and therefore may act at 
a more distant site. 

What advantages do endogenous receptor 
antagonists such as Agouti or AGRP offer for 
homeostatic regulation? In the case of mela- 
nocortins, which activate five receptors to 
varying extents, an antagonist limited in its 
tissue distribution or biochemical specificity, 
or both, allows individual regulation of recep- 
tor subtype signaling. Melanocortin receptors 
were identified on the basis of their response 
to the agonist a-MSH (6), but physiologic 
signaling via Mclr is regulated mainly by al- 
terations in levels of the antagonist. Agouti. 
Similarly, regulation of Mc3r or Mc4r signal- 
ing could be mediated primarily by changes in 
Agrp expression rather than proopiomelano- 
cortin, the precursor of a-MSH and ACTH. 
Agouti or AGRP, or both, may also transduce 
a signal via melanocortin receptors indepen- 
dent of melanocortin binding (21), consistent 
with the effects we observed on basal levels of 
cAMP accumulation. 

Leptin deficiency lies upstream of Agrp 
expression, directly or indirectly, but other 
signaling systems implicated in energy bal- 
ance (22) may also regulate Agrp expres- 
sion. Additional studies based on gene 
targeting may help to place Agrp in a 
genetic pathway for feeding behavior, 
which should be useful in understanding 
and developing treatments for disorders of 
body weight regulation. 
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NF-AT Activation Induced by a CAML-lnteracting 
Member of the Tumor Necrosis Factor 
Receptor Superfamily 

Gotz-Ulrich von Bulow and Richartj J, Bram* 

Activation of the nuclear factor of activated T cells transcription factor (NF-AT) is a key 
event underlying lymphocyte action. The CAML (calcium-modulator and cyclophilin 
ligand) protein is a coinducer of NF-AT activation when overexpressed in Jurkat T cells. 
A member of the tumor necrosis factor receptor superfamily was isolated by virtue of its 
affinity for CAML Cross-linking of this lymphocyte-specific protein, designated TACI 
(transmembrane activator and CAML-interactor), on the surface of transfected Jurkat 
cells with TACI-specific antibodies led to activation of the transcription factors NF-AT, 
AP-1, and NFkB. TACI-induced activation of NF-AT was specifically blocked by a 
dominant-negative CAML mutant, thus implicating CAML as a signaling intermediate. 



We identified proteins that can interact 
with CAML in a two-hybrid screen (i , 2). 
To determine if any of these CAML-bind- 
ing proteins affected signaling in T cells, we 
examined their ability to modulate activity 
of the Ca^'''-dependent transcription factor 
NF-AT (3). Overexpression of the two- 
hybrid clones in Jurkat T cells revealed that 
expression of one clone (encoding the 
TACI protein) led to activation of NF-AT, 
suggesting that TACI may lie in the same 
signaling pathway as CAML. The deduced 
amino acid sequence of TACI (Fig. lA) (4) 
includes a single hydrophobic region (resi- 
dues 166 to 186) that has features of a 
membrane-spanning segment. Analysis of 
the protein sequence (5) predicted extra- 
cellular exposure for the NH2-terminus 
with a cytoplasmic COOH-terminus. Al- 
though TACI lacks an NHj-terminal signal 
sequence, the presence of an upstream stop 
codon indicates that the complete open 
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reading frame is contained within the clone 
(6). The predicted cell-surface location of 
TACI was confirmed in intact Cos-7 cells 
transfected with an expression plasm id en- 
coding TACI with an NH2-terminal FLAG 
epitope tag. Staining with monoclonal an- 
tibody to FLAG revealed TACI localized to 
the cell surface (Fig. 2A). TACI is therefore 
a type III transmembrane protein with an 
extracellular NHj-terminus in the absence 
of a cleaved signal sequence (7). Inspection 
of the TACI protein sequence also revealed 
two repeated regions (residues 33 to 66 and 
70 to 104) diat are 50% identical A 
FROSITE motif search (8) identified this 
repeated region as a cysteine- rich motif 
characteristic of the tumor necrosis factor 
receptor (TNFR) superfamily. Comparison 
of TACI with other members of TNFR 
superfamily (Fig. IB) demonstrates the sim- 
ilarity between these domains, with the best 
match to cysteine-rich domains of DR3 
(also known as Wsl-1, Apo-3, or TRAMP) 
(9). 

Northem blot analysis of TACI mRN A 
demonstrated a 1.4-kb transcript expressed 
in spleen, small intestine, thymus, and pe- 
ripheral blood lymphocytes, sujigesting that 
a single TACI transcript is present in both 
T and B lymphocytes (Fig. 2B). Specific 
antibody staining of peripheral blood cells 



with a polyclomt Hrrrccv ro TACI (10) 
revealed the pre-srxi :f TACI on the sur- 
face of B cells, bir rcc :^<dng T cells (Fig. 
2C). Because eizsscii or other TNFR 
members such at IZK is increased after 
activation of T rzxzcortes (II) and be- 
cause TACI appe-iCH ::: re expressed in thy- 
mocytes, we exan-t-- 7 cells activated 
with ionomycin ^ rbcrcol ester. Such 
treatment of T c^^^ "^oxeid the synthesis 
of cell-surface TAlI n 54% of CD2-posi- 
tive cells within -I zcuis (Fig. 2D). This 
subset was equaljr fisri^oed becu-een CD4 
and CD8 cells. Snzidsocu of interleukin-2 
(IL-2)-dependeDi 7 ;eil5 with antibodies 
to CD3 and CDZt riiiuced expression 
ofTACL A reverse —Trsriptase-polymer- 
ase chain reacti.r ^^5^- revealed TACI 
message in restinn 1 but not in T cells, 
unless they were 'dcrr^ced (6). 

Neither TAQ J^*A aor protein could 
be detected in uzirin^cred Jurkat cells 
expressing the S*K large T-antigen 
(TAg), either uns— n>rM or treated with 
phorbol myristyl aicnirs -.PNLA.) and iono- 
mycin (6). To assc<=^pe eoecr of TACI on 
NF-AT activity h: 7 i^iis, we traiisiently 
expressed the pnf^:=_ in TAg Jurkat cells 
along with a secre;:=c ^ilrfifne phosphatase 
reporter driven by fjd NT-AT-binding se- 
quences from the Z-l rtomoter (12, 13, 
14). TACI overeirceEsicn could partially 
replace the requirert^r xr P\L\ and iono- 
mycin in this assar i':r Tj?Timal activation 
of the NF-AT rez»:t"t=r. The addition of 
antibodies to TAC cells increased 

NF-AT activation :r s: sevenfold (Fig. 
3A), demonstratinz iiar TACI responds to 
cross- linking at the rurrace. This affin- 
ity-purified antibodr v. 7AC1 had no effect 
on control transfectrd ze-lls. To further ver- 
ify the specificity of :re response, we trans- 
fected cells with an cerminal FLAG- 
epitope-tagged TACI esrression plasmid 
and incubated theiz -s-jzi the M2-FLAG 
monoclonal antibccr IzK This treatment 
gave a similar increase xl NF-AT activity 
(Fig. 3 A). The devrt== :t ST-AT activation 
varied among difrtrrimr experiments be- 
cause of transfecticn erriciency, but was 
typically 40 to IOC'-*: 'A die maximal re- 
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opace and periaxonal collar^*"* In contrast, Po 
Ear later, are present in compacted myelin and are 
'^myelin compaction'^'" The Krox-20 mutation 
Appears to block Schwann cell differentiation after 
fivation and engulfing of the axon but before spiral- 
fn and activation of Po and MBP. This phenotype is very 
nilar to the defect observed when differentiating Schwann cells 
^re exposed to antibodies directed against galactocereb reside*' 
(GalC), the major glycolipid of the myelin sheath. It differs, 
however, from the lesions associated with mutations affecting 
genes encoding major myelin proteins" ****'". Our data therefore 
suggest that Krox-lO is involved directly or indirectly, in the 
activation of late myelin genes, although it is not clear whether 
the absence of late myelin proteins constitutes the cause or the 
consequence of the differentiation block. Finally, this block is 
likely to be responsible for the augmentation in the number of 
Schwann cells by increased proliferation and/or survival. □ 
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Agouti protein is an antagonist 
of the melanocyte-stimuiating- 
hormone receptor 
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The genetic loci agouti and extension control the relative amounts 
of eumelanin (brown-black) and phaeomelanin (yellow-red) pig- 
ments in mammals*: extension encodes the receptor for melano- 
cyte-stimulating hormone (MSH)^ and agouti encodes a novel 
131-amino-acid protein containing a signal sequence^'*. Agouti, 
which is produced in the hair follicle^, acts on follicular 
melanocytes^ to inhibit a-MLSH-induced eumelanin production, 
resulting in the subterminal band of phaeomelanin often visible in 
mammalian fur. Here we use partially purified agouti protein to 
demonstrate that agouti is a high-affinity antagonist of the MSH 
jit . receptor and blocks a-MSH stimulation of adenylyl cyclase, the 
v&r effector through which a-MSH induces eumelanin synthesis, 
4® ^^"^ 2^ found to be an antagonist of the meianocortin-4 
receptor'-*, a related MSH-binding receptor. Consequently, the 
obesity caused by ectopic expression of agouti in the lethal yellow 
3^^^^ niouse' may be due to the inhibition of melanocortin recep- 
^^tor(s) outside the hair follicle. 

S^^^Two models have been proposed for the mechanism by which 
SB ^fyi!^ PFQ^g^ inhibits stimulation of raelanogenesis by a-MSH: 
«BKS))'^outi is a negative regulator of the cyclic AMP signalling 
through a unique agouti receptor or (2) agouti 
HIsS^J???^^^^ antagonist of a-MSH*'. We produced recom- 

UBr^ 

^^^^^2£S^,??"'('°'^<'cnc8 should be addressed. 
^■^W^^^:371: 27 OCTOBER 1994 
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FIG. 1 Production and purification of reconnbinant agouti polypeptide. 
A 614-bp X£>al/P5t1 fragment of the full-length mouse agouti cDNA was 
subcloned into a Xbal/Pstl-digested baculovirus expression vector 
pAcMP3 (PharMingen, San Diego). Virus was produced using standard 
methods^^. 1 \ig of each sample was electrophoresed on a 4-20% Tris- 
glycine gei (Novex, San Diego) and visualized by ProBlue (Integrated 
Separation Systems, MA) staining. The agouti protein eluted with the 

0. 8 M-NaCI wash. The 18.5K agouti species (arrow) was not obsen/ed 
in media infected with wild-type virus, and was demonstrated, after 
elution from the gel, to contain agouti by N-terminal sequencing. Lanes: 

1, 48 h post-infection medium from pAcMP3-IVt.agouti-infected cells; 2. 
flow-through from Poros-20 HS column; 3-7, NaCI elutions from Poros- 
20 HS column. Arrow indicates authentic agouti protein. 
METHODS, r. ni cells were infected at an MOI of 2 with pAcMP3-M. agouti 
virus or control virus and media were collected 48 h post-infection. 
This medium was directly loaded onto a Poros-20 HS cation-exchange 
column (PerSeptive Biosystems. MA) and bound protein eluted with 
NaCI concentrations from 0.2-1.0 M. The 0.8 M fraction was dialysed 
into 50 mM NaCI, 20 mM PIPES. pH 6.5, and then diluted for assay. 
Agouti concentrations were estimated from gel electrophor^is and 
amino-acid analysis of purified protein. Media controls consisted of 
unrelated baculovirus supematants collected 48 h post-infection and 
purified by NaCI elution of a Poros-20 HS column as for agouti. 
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binant agouti protein using the baculovirus expression system 
in order to test these hypotheses. The band indicated by the 
arrow in Fig. I was absent from Trkhiplu.sia cells not infected 
with the agouti/baculovirus vector, and its identity as the agouti 
gene product was verified by N-terminal sequencing (data not 
shown). Agouti pooled from the 0.8 M NaCI elution shown in 
this preparation was estimated to be 75% pure, resultine in an 
etlective agouti concentration of ~0. 14 mg ml"'. 

Agouti action was examined initially on the BI6F10 murine 
melanoma cell line -. Agouti (0.7 nM) shifted the half-maximal 
effective concentration (EC50) for stimulation ofadenylyl cyclase 
by a-MSH m these cells from l.7±0.24nM to l3.4±3 3nM 
(data not shown). To characterize agouti action further we 
examined the effects of agouti on the MSH receptor (MSH-R) 
and other G-protein-coupled receptors stably transfected into 
the human embryonic kidney 293 ceir '^ a-MSH had no effect 
on the cAMP pathway in untransfected 293 cells, demonstrating 
he absence of endogenous melanocortin receptors in this cell 
line (Fig. la). Furthermore, addition of agouti (0.7 nM) had no 
enect on the basal adenylyl cyclase levels. Agouti also had no 
ettect on the ability of thyroid-stimulating hormone (TSH) to 
bind to its receptor and stimulate adenylyl cyclase in TSH-R- 
transfected 293 cells (Fig. 2b). As the TSH-R couples to the same 
O protein as do the melanocortin receptors, Gs. this experiment 
shows that agouti acts upstream of Gj in the cAMP signalline 
pathway. * ° 

In contrast, the same concentration of agouti protein pro- 
duced a Significant shift in the adenylyl cyclase/functional 
coupling curve of the murine MSH-R expressed in 293 cells 
(Fig 3«). Control supernatants from baculovirus-infcctcd cells 
at the same total protein concentration had no effect Aeouti 
protein (0.7 nM) increased the EC5,, for activation ofadenylyl 
cyclase from 1.5 ± 1.1 x IQ-" to 2.2 ± 1.2 x lO"" M. but did not 
alter the maximally induced activity of the receptor. The appar- 
ent AT^ value calculated from four independent experiments was 
J./±_.bxio M. A dose-response curve demonstrated 
increasing inhibition of the murine MSH-R by agouti at concen- 
trations from below lO"" M up to 10"* M (Fig. 3A). The human 
MSH receptor was also inhibited by agouti but only at much 
higher protein concentrations (Fig. 3c). It is conceivable that 



unlike Its murine counterpart, human agouti is 
antagonist of the human MSH-R.But as the wi„ a hiah- 
pigmentation phenotype is not commonly observed 'd-lfpe 
possible that agout tjo longer antagonizes MSH-R . in m 
the human hair follicle. c^^^ 
The ability of agouti to shift the MSH-R functional coun 
curve without affecting maximal receptor activation sugge 
hat agouti was acting as a competitive antagonist. To invlsth 
this further, the ability of the protein to compete with anoi 
melanocortin peptide for binding to the mouse MSH-R 
examined. Adrenocorticotropic hormone (ACTH) which ■ 
tains the a-MSH peptide in its first 13 amino acids can 
radiolabelled at Tyr 23 without loss of potency and binds to 
same site on the melanocortin receptors as does a-MSH' '' 
1 kT!."!;'^.'?'"'''"^ experiments were performed with 
labelled ACTH, „ and the M-3 subclone of the Cloudman m 
ine melanoma cell line. This cell line was used because of the h 

( 10,000-50,000), in contrast to the MSH-R-transfectcd "'93 cc 
which were estimated to express under 1.000 MSH receptors 

''r the MSH-R with a' 

of 6.3± m X |0-» M, within the range of previously repor. 
values - (Fig. 3J). Using a single-site model, agouti prot 
blocked SQf'A of specific ACTH binding to the MSH rSep 
at a concentration of l.2±0.7 ng ml"' {K, = IC., (half-maxirr 
inhibitory concentration) = 6.6±3.8x 10-'" M) (Fig 2e) Sin 
lar results were obtained when a synthetic radiolabelled a-M«; 
analogue (Nle„ D-Phe,-a-MSH) was used as the radiolabell 
hgand (data not shown). As a control, baculovirus supernata 
from r. m- cells infected with a baculovirus construct containi 
an unrelated gene insert was purified as described for auou 
1 his protein had no activity in this assay ( Fig. 3e) or on a-MS 
stimulation of adenylyl cyclase in MSH-R-transfcctcd 293 ce 
(data not shown). 

So far there are five members of the melanocortin recent, 
family, MCl-R (MSH-R)'^"\ MC-R fACTH Ri' 
MC3-R'- MC4.R- and MC5-R-^ So LcS;e 

u^l.^f 'rl^"* ^^^^^ members of the family, b. 

the MC3-R and MC4-R are expressed primarily in the centr 
nervous system in brain nuclei involved in neuroendocrine ar 
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« n ^""^""^ ^"^^^"sf^ed 293 cells. a-MSH treatment also 
rn^ in demonstrating the absence of endogenous melano- 

IIT J ^' ^^^"^y ^^'^^^ Showing no 

effetn of agout. protein on the cAMP signalling pathway following activa- 
uon by bov,ne thyroid-stimulating hormone (fsH) of adeny^l 
293 cells transfeaed with human TSH-receptor 

nr!I™?^' ^^T' P'^P^^^ ^s ^'^^ 1- Two independent 

prepara ,ons of agouti yielded similar results. 293 cells (5 x lo^ and 

in! fn? c^^K^'T,'"^ ^""'^^ ^^^-^ ^^^e preloaded with 5 ^Ci ^H-aden- 
.ne for 1.5 h at 37 in a 5% CO, incubator. Cells were stimulated with 
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varying concentrations of a-MSH (a) or bovine TSH (b) in the preseno 
or absence of 0.7 nM agouti for 40 min in cyclase assay incubatioi 
medium (Oulbecco's modified Eagle's medium containing 0 1 mg ml' 
bovine serum albumin and 0.1 mM isobutylmethylxanthlne). Mediun 
was aspirated and 2.5% perchloric acid containing 0.1 mM cAMP wai 
used to stop the incubation. Adenylyl cyclase activity was calculatec 
by determming the per cent conversion of ^H-adenine to ^H-cAMP a^ 
descnbed . Correlation of cAMP accumulation measured in thii 
assay with actual adenylyl cyclase activity is made under the assump 
tion that isobutymethylxanthine effectively blocks cAMP degradation 
Data represent means and standard deviations from triplicate dat^ 
points. 
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autonomic control. Surprisingly, agouti was also found to be a 
Ltent antagonist of a-MSH activation of the MC4-R 
/cjg. 4a). Once again, the protein appeared to act like a competi- 
[ive antagonist, not significantly interfering with maximal activa- 
tion of the receptor. The same concentration of agouti (0.7 nM) 



(jid not antagonize activation of the MC3 or MC5 receptors, 
jfld the MC5-R was unaffected even at 100 nM agouti concen- 
trations (Fig. 46, c). 



Our results show that agouti is a high-affinity antagonist of the 
MSH-R. and of at least one of the other melanocortin receptors. 
Agouti appears to function as a competitive antagonist, inhibit- 
ing agonist binding to the MSH-R. This unique bifunctional 
regulation of the MSH-R by a-MSH and agouti allows for fine 
spatial and temporal regulation of eumelanin and phaeomelanin 
synthesis. These findings also provide a context for understand- 
ing the complex interactions of agouti and extension (MSH-R) 
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FIG. 3 Agouti is an antagonist of a-MSH at the murine MSH receptor 
a, Agouti inhibits activation of the mMSH-R by a-MSH in stably trans- 
fected 293 cells, as monitored by stimulation of adenylyl cyclase. 

Agouti inhibition of murine MSH-R activation is dose-responsive. 
mMSH-R expressing 293 celts were stimulated with 10 nM a-MSH in 
the presence of agouti (lO'^"^-? x lO'^ M). c. Agouti inhibits activation 
of human MSH-R at high protein concentrations. No inhibition of MSH- 
R activation by 0.7 nM agouti was observed. EC50 values were 
2.3±0.8xlO'^*'M (no agouti). 8.8±2.1 x 10"^° M (154 nM agouti), 
and 1.1 ±1.5 x 10"® M (770 nM agouti), Competition binding dem- 
onsuates murine MSH-R expression in the Ctoudman M^3 melanoma 
cell line, e, Competition binding demonstrates agouti protein blocks 
^^*l-labelled ACTHi.39 binding to mouse MSH-R. Baculovirus supernat- 
ants from SF9 cells infected with a virus containing an unrelated gene 
insert were purified in parallel with agouti protein and did not block 
^"/-labelled ACTHi-39 binding to MSH-R up to 0.01 ngml \ Values are 
shown as protein concentrations to compare agouti with control protein. 
METHODS, a-c. Adenylyl cyclase activity was measured as for Fig. 2. 
EC50 values were calculated using GraphPad InPlot version 4.0. d.^e. 
Competition binding with radiolabelled ACTH has been described : 
1 X 10^ cells were washed twice with binding medium and incubated 
in binding medium containing 9xlO""M ^^^Habelled ACTHi_39 
(200,000 cp.m,: Amersham) and different concentrations of agouti, 
control protein or cold ACTH for 2 h at 22 °C. Cells were then washed, 
lysed and counted as before^* and data were analysed using the 
Kaleidagraph software package. Nonspecific binding, determined as the 
amount of radioactivity bound at 10"^ M cold ACTH. was 10% of the 
total counts bound. 
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RG. 4 Agouti is an antagonist of the human MC4-R. a. Agouti antagon- 
izes a-MSH activation of human MC4-R. Agouti protein does not 
affect or-MSH activation of rat MC3-R. c. Agouti protein does not affect 
a-MSH activation of mouse MC5-R. EC50 values for adenylyl cyclase 
activation by rat MC3-R or human MC4-R stimulated with a-MSH or 
'^'^^o ^•'^^^ ^Souti, respectively, were: rMC3-R 
4.2±0,8xio^M; 4.1 ±0.9 x 10"^ M; hMC4-a 4.9± 2 4 x 10'^ M' 

METHODS. The effect of agouti on a-MSH stimulation of adenylyl cyclase 
activity was examined in 293 cells transfected with the rMC3-R. hMC4- 
R or mMC5-R. Methods are described in Fig. 2 legend. Data represent 
means from triplicate data points and bars indicate standard deviation 
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responsible for many mammalian coat colour variants, such as 
the variable blacic and tan markings in the German shepherd, 
resultmg from combinations of two extension E) and three 
agouti {A\ a"', a') alleles'**. 

Because agouti also antagonizes MC4-R function, ectopic 
overexpression of agouti may lead to obesity in the lethal yellow 
mouse {A'') through pathological antagonism of melanocortin 
receptor(s) expressed outside the hair follicle. Although no 
agouti pigmentation phenotype has ever been reported in 
humans, a gene encoding a conserved human agouti protein has 
been found" and so may have a physiological role. □ 
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Inefficient gene transfer by 
adenovirus vector to 
cystic fibrosis airway 
epithelia of mice and iiumans 
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Ralph N. VIck, John F. Engelhardt*, 
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& Richard C. Boucher 
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The success of adenoviral vectors for gene therapy of lung disease 
in cystic fibrosis (CF) depends on efficient transfer of the comple- 
mentary DNA encoding the correct version of the cystic fibrosis 
transmembrane regulator (CFTR) to the affected columnar epi- 
thelial ceils lining the airways of the lung. Pre-clinical studies in 
vitro suggest that low doses of adenovirus vectors carrying this 
CFTR cDNA can correct defective C\~ transport in cultured 
human CF airway epithelia'. Here we use mice carrying the dis- 
rupted CF gene^ to test the efficacy of this transfer system in vivo. 
We find that even repeated high doses can only partially (50%) 
correct the CF defect in d transport in vivo and do not correct 
the Na* transport defect at all. We investigated this discrepancy 
between the in vivo and in vitro transfer efficiency using CF mouse 
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Abstract 

The objectives and the methodology of mammalian gene transfer are dis- 
cussed and findings in growth hormone (GH) transgenic mice are reported to 
illustrate the potential offered by genetically designed animal models for 
investigations in various areas of biomedical research. Transgenic mice 
expressing hybrid genes composed of either human or bovine GH coding 
sequences fused to the mouse metallothionein I promoter show high serum 
levels of heterologous GH, increased growth rates and final adult size, 
decreased life expectancy and a variety of pathological changes. 



Introduction 

Two mice, one twice as large as the other, graced the 
cover of the 16th December, 1982 issue Nature. The 
significant difference in body size between the two indi- 
viduals was the result of the introduction of a DNA frag- 
ment containing the promoter of the mouse metallothion- 
ein I (MT) gene fused to the structural gene of rat growth 
hormone (rGH) into the mouse genome [1]. This was not 
the first report on a successful gene transfer experiment in 
mammals. The first animals carrying experimentally in- 
troduced foreign DNA were produced in 1974 by rai- 
croinjecting simian virus 40 DNA into the cavity of 
murine blastocysts [2]. Nevertheless, the GH transgenic 
mouse played a key role in the history of mammalian gene 
transfer and attracted considerable attention from scien- 



tists as well as the popular press. Not only was it possible 
to alter an animal's genotype in a stable fashion, but the 
phenotype could also be influenced and the giant trans- 
genic mouse became a highly visible manifestation of the 
potential offered by gene transfer. 

The term transgenic' was coined by Gordon and Rud- 
dle in 1981 [3] and is used to describe animals that have 
foreign DNA integrated into their somatic cells and their 
germ line as a consequence of the experimental introduc- 
tion of DNA [4, 5]. The introduction of foreign genes into 
the mammalian genome was immediately recognized as 
an important scientific achievement and many institu- 
tions adopted the methodology of gene transfer during the 
past decade. Most gene transfer work has focused on the 
mouse. However, in 1985, gene transfer was extended to 
other mammalian species [6, 7] and DNA integration has 
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since been achieved in rat [8], rabbit, pig, sheep, goat, and 
cattle [for review, see 9-11]. The abiHty to produce altera- 
tions in the host mammalian genome in a functional and 
stable manner has tremendous potential for advancing 
research into many fields very rapidly. At present, three 
main areas of application of transgenic animals may be 
distinguished: (1) biomedical sciences, (2) agriculture, 
and (3) biotechnology (genetic farming). 

The last few years have witnessed an extraordinary 
increase in the use of transgenic animals in biomedical 
research. Gene transfer experimentation has presented a 
powerful new tool for identifying endogenous genes and 
has provided an excellent means of clarifying questions 
on gene integration, and the regulation, as well as the con- 
sequences, of gene expression in the context of the whole 
organism. Various approaches have been used to generate 
transgenic animal models for human diseases. The most 
widely used strategy consists of the expression of a gene 
added to the genome of the host mammal to cause an ele- 
vated level of the transgene product either in the circula- 
tion or in a particular cell type. Another approach in- 
cludes interruption of the correct expression of an endog- 
enous gene [for review see 5, 12-16]. From an agricultural 
standpoint, gene transfer is concerned with the introduc- 
tion of economically important traits into the genome of 
farm animals [10, 1 1]. The objective of genetic farming is 
using transgenic animals to synthesize large quantities of 
medically relevant proteins (e.g. human coagulation fac- 
tors that cannot be produced in their active form by 
microorganisms). Regulatory elements capable of target- 
ing transgene expression to the mammary gland are of 
special interest in this context [10, 17, 18]. 



Methods of Gene Transfer in Mice 

Three different methods are currently being used to 
introduce foreign genes into the mouse genome: (l)the 
direct microinjection of gene constructs into pronuclei of 
fertilized one-cell eggs; (2) the transduction of foreign 
DNA by retroviral vectors into embryos at various stages 
of development, and (3) the use of genetically trans- 
formed pluripotential teratocarcinoma cells or embryonic 
stem cells as vehicles. The most prevalent technique for 
introducing genes into the germ line is the pronuclear 
microinjection of cloned genes into zygotes. This method 
involves several steps including the superovulation of 
donor mice, the recovery of single cell embryos from the 
oviducts, the microinjection of 1-2 pi of a DNA solution 
containing several hundred copies of the gene construct 



per picoliter into the male pronuclei of zygotes, and the 
transfer of microinjected embryos into synchronized re- 
cipients. Detailed descriptions of this procedure are given 
elsewhere [19-21]. The main advantage of the microin- 
jection technique is that gene integration mostly occurs 
before the first DNA replication cycle. The percentage of 
somatic and germ line mosaicism (20-30%) is, therefore, 
relatively low [19]. Further advantages of DNA microin- 
jection are its reproducible efficiency in the range of a few 
percent of transgenic animals per zygotes injected [ 1 6, 1 9] 
and the possibility of introducing large gene constructs of 
up to at least 50 kb [22]. A disadvantage of this method is 
the random integration of gene constructs with respect to 
both the chromosomal integration site and the number of 
copies integrated [4]. 

By contrast, retroviral vectors allow efficient insertion 
of single copies of a gene construct as a consequence of the 
retroviral integration mechanisms [23]. Although techni- 
cally simple, the use of retroviruses and retroviral vectors 
has not found widespread application so far. This may be 
due to the size limitations for transduced DNA, to a 
higher rate of mosaic founder animals as compared to the 
microinjection technique, to a possible interference of 
retroviral DNA sequences with expression of genes that it 
carries, and to the risk of recombination between retrovi- 
ral vectors and endogenous retroviral sequences. 

Pluripotential stem cell lines, isolated either from tera- 
tocarcinoma tumours or from pre-implantation stage 
mouse embryos, provide another route of inserting for- 
eign genes into the mouse germ line [for review see 24]. 
Pluripotential stem cells are transformed in vitro and 
then incorporated into the blastocoele cavity of blasto- 
cysts or aggregated with eight-cell embryos to produce 
transgenic chimaeras. Via transfected cells that have pop- 
ulated the germ line of a chimaeric mouse the experimen- 
tally introduced DNA can be transmitted to descendants 
which then will carry the transgene in every cell The 
advantage of this method is the possibility of screening 
the stem cells for gene integration or even for gene expres- 
sion in vitro before manipulating them into an embryo. 
The chance of altering the genome by homologous recom- 
bination therefore arises [25]. This technique has already 
been applied to study the function of a peptide belonging 
to the growth hormone family. DeChiara et al. [26] dis- 
rupted the mouse insulin-like growth factor II (IGF II) 
gene by gene targeting in embryonic stem cells and used 
them to establish chimaeric mice. Germ line transmission 
of the inactivated IGF II gene from male chimaeras 
resulted in heterozygous offspring that were significantly 
smaller than their embryonic stem cell-derived wild-type 
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Fig. 1. Methods of gene transfer in mice. 



littermates. However, when the disrupted gene was trans- 
mitted maternally, the heterozygous progeny were pheno- 
typically normal. Homozygous mutants displayed the 
same phenotype as growth-deficient heterozygous siblings 
[27]. These results demonstrated that the mouse IGF II 
gene is subject to parental imprinting. 

A report of a remarkably simple method of sperm- 
mediated gene transfer was published by Lavitrano et al. 
[28]. These workers incubated mouse spermatazoa for 
15 min in an isotonic solution containing plasmid DNA 
and used them for in vitro fertilization. 30% of the 250 
bom offspring were reported to be transgenic. However, 
other groups of investigators have been unable to repeat 
this experiment successfully [29, 30]. Figure 1 shows the 
most important techniques of gene transfer in mice 
together with the stages of embryonic development they 
are used at. 



Tests after Gene Transfer - Establishment of 
Transgenic Lines 

Gene transfer experiments aiming at the addition of a 
functional gene to the murine genome via pronuclear 
microinjection are currently finding the most widespread 
application and include a series of subsequent tests. After 
the animals that develop from microinjected zygotes have 
been bom, those individuals carrying the foreign DNA 
must be identified. This is commonly done at 3 weeks of 
age, when the pups have been weaned and marked for 
identification purposes. A small piece of tail provides 
enough DNA to confirm the presence of the inserted gene 
by various DNA hybridization techniques. Expression of 
a transgene foreign to the recipient's genome can be deter- 
mined by various methods. Total RNA extracted from 
tissue samples can be subjected to Northem blot analysis 
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with a probe complement^' to the relevant mRNA to 
determine traYisgene transcription. Various protein anal- 
ysis techniques are applied for detecting translation of the 
transgene encoded RNA. Quantitation of foreign pro- 
teins which are either secreted into the bloodstream or 
produced by exocrine glands (e.g. the mammary gland) 
easily allows estimation of the level of transgene expres- 
sion in a live animal In situ hybridization and immuno- 
histochemistry make it possible to identify the site of ex- 
pression in tissue sections at the level of RNA or protein, 
respectively. 

Biological effects of transgene expression are examined 
in clinical and pathological studies. Germ line integration 
is detected by breeding. Transgenic animals derived from 
microinjected zygotes commonly have integrated multi- 
ple copies of the fusion gene at one chromosomal loca- 
tion. Since there is no corresponding allele on the homolo- 
gous chromosome, transgenic founders are defined to be 
hemizygous rather than heterozygous. Transgenes are in- 
herited as Mendelian traits, i.e., when mating a hemi- 
zygous transgenic founder with a normal animal, one 
expects 50% of the offspring to be transgenic. The per- 
centage may be higher if the transgenic founder animal 
contains two or more integration sites which segregate 
independently [31]. On the other hand, the number of 
transgenic descendants may be extremely low if germ line 
mosaicism has occurred [32]. The term genetic mosaicism 
refers to individuals that derive from a single zygote but 
consist of cell populations carrying different genetic infor- 
mation. About one third of transgenic founder mice pro- 
duced by the pronuclear microinjection technique exhibit 
somatic and/or germ line mosaicism as a result of integra- 
tion of the foreign DNA after the initial replication cycle 
of the endogenous DNA [9, 23]. The final consideration 
concerns the possibility of disrupting an endogenous gene 
by the insertion of foreign DNA. Most insertional muta- 
tions are probably transmitted in a recessive manner and 
thus only become apparent in homozygous individuals 
obtained by interbreeding of hemizygous animals. Inacti- 
vation of an endogenous gene by insertion of a transgene 
can cause embryonic lethality or developmental abnor- 
malities in the homozygous state. Insertional mutagenesis 
thereby offers a potential means of studying develop- 
mental processes and hereditary disorders at a molecular 
level. Using the foreign DNA of known sequence as a 
marker it is possible to identify the disrupted and yet 
uncharacterized endogenous gene. Recombinant DNA 
containing the human GH gene has been used to investi- 
gate the mutagenic potential of DNA transfection [33, 
34]. 



Mice Harbouring Transgenes of the Growth 
Hormone Family 

Since the first GH transgenic mice were generated in 
1982 [1]. a variety of genes coding for peptides involved 
in the regulation of growth have been introduced into the 
mouse genome, including human growth hormone releas- 
ing factor (GRF), rat (r), human (h), bovine (b), ovine (o) 
GH, and human insulin-like growth factor I (IGF I). Both 
rGH or hGH genes driven by their homologous promot- 
ers have been introduced into mice. However, the foreign 
GH genes were not expressed under the control of their 
own regulatory DNA sequences [33, 35]. The regulation 
of mammalian gene expression is still poorly understood. 
Among the multitude of factors controlling gene expres- 
sion regulatory regions containing promoter sequences, 
enhancer sequences, or a combination of both appear to 
be the most important c/>acting elements [ 1 5]. 

The difficulties in expressing certain genes in trans- 
genic mice have led to an approach in which a regulatory 
region of one gene has been fused to the protein coding 
region of another gene (i.e. the usual regulatory region is 
replaced by a heterologous one). This procedure may be 
referred to as 'gene design' and offers the potential for 
developmental timing and tissue-specific transgene ex- 
pression. Furthermore a number of promoters allow mod- 
ulation of gene expression by hormonal or other external 
stimuli. The choice of a particular regulatory sequence is 
dependent on the experimental purposes. Regulatory se- 
quences may be distinguished that either direct expres- 
sion of hybrid genes in a wide variety of tissues or target 
transgene expression to particular cell types. Promoters of 
both categories have been used to drive foreign GH genes 
in transgenic mice. 



MTGH Transgenic Mice 

The mouse MT promoter has been used preferentially 
to induce expression of various GH transgenes in mice 
(MTGH transgenic mice). The endogenous MT gene is 
regulated transcriptionally by various factors, such as 
heavy metal ions, glucocorticoids and other endogenous 
stimuli, and can be considered as a housekeeping gene, 
because it is expressed in a wide variety of tissues. How- 
ever, the extent of MT gene expression varies markedly 
from tissue to tissue, with the liver being the major site of 
metallothionein synthesis [23, 36]. Given that transgenes 
are expressed, one of the salient questions is whether the 
foreign genes are regulated properly. Endogenous MT 
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genes are expressed both prenatally and postnatally in ani- 
mals as well as humans [37, 38]. Similarly, expression of 
MT promoter driven GH genes has been detected before 
birth from day 13 of gestation onward in transgenic mice 
which will thereby develop immunological tolerance to the 
foreign peptide hormones [36, 39, 40]. The addition of 
zinc or cadmium to the drinking water dramatically 
increased serum GH levels in MTGH transgenic mice, 
thereby demonstrating that the property of heavy metal 
inducibility of the MT promoter is retained in the hybrid 
gene [36]. However, the expectation that the expression of 
a foreign GH gene under the control of the MT promoter 
might parallel that of the endogenous MT gene was not 
fully realized, indicating that the MT promoter is in- 
fluenced by other factors (e.g. the site of integration of the 
fusion gene copies and tissue environment) [23]. 

We investigated transgenic mice expressing either 
MThGH or MTbGH fusion genes. Details on the produc- 
tion of the MThGH transgenic animals and the fusion 
gene used for pronuclear microinjection have been re- 
ported elsewhere [6, 31]. Both MThGH transgenic foun- 
ders and progeny carrying the fusion gene in a hemizy- 
gous state have been included in our studies. The 
MTbGH transgenic counterparts were obtained by subse- 
quent mating of transgenic mice (originally generated and 
kindly provided by T.E. Wagner, The Edison Biotechnol- 
ogy Center, Athens, Ohio, USA) with mice of an outbred 
population derived from the NMRI strain [41]. The inte- 
gration of the MThGH or the MTbGH fusion gene, 
respectively, was detected by Southern or slot blot analy- 
sis [31, 42]. 



Serum Levels of Foreign GH 

Expression of the MThGH transgene was quantified 
by measuring hGH in the serum using a commercially 
available immunoradiometric assay (Hybritech Tandem- 
R® hGH assay) based on a double monoclonal antibody 
technique [43]. Serum hGH levels of transgenic mice 
belonging to three different lines ranged between 1,200 
and 900,000 ng/ml when no heavy metal ions were 
applied to further stimulate MThGH transgene expres- 
sion, and thereby dramatically exceeded physiological 
murine GH levels which correspond to less than 90 ng/ 
ml of serum in normal mice [44, 45]. The MTbGH trans- 
genic mice expressed the foreign GH gene at markedly 
lower levels when compared to their MThGH transgenic 
counterparts. Serum concentration of bGH was quanti- 
fied by radioimmunoassay [46], and did not exceed 



K400 ng/ml in the MTbGH transgenic mice investigated 
so far. 

Data pertaining to the level of expression of MTGH 
fusion genes in transgenic mice reported in the literature 
vary considerably and have recently been summarized 
elsewhere [47, 48]. Among the variety of factors that 
influence transgene expression, the site of transgene inser- 
tion in the genome plays an important role in its expres- 
sion [23]. Germ line transmission of transgenes thereby 
offers the potential to select different lines of transgenic 
mice that express GH fusion genes at low or at high basal 
levels. These lines might be very helpful to further eluci- 
date effects of GH. Short-term and long-term studies were 
carried out on MThGH transgenic mice to evaluate the 
course of hGH serum levels which showed undulating 
fluctuations with values as a whole being permanently 
increased [47]. Determination of hGH in serum samples 
taken at 60-min intervals over a 7-hour period indicated 
continuous secretion of the foreign GH in these animals. 
Physiological profiles of circulating GH in adult mice are 
characterized by episodic fluctuations, and exhibit sex- 
dependent differences. Sexually dimorphic secretory pat- 
terns of GH have been found, in rodents, to be an impor- 
tant factor in determining the expression of several sex- 
specific phenotypes. Transgenic mice exhibiting a contin- 
uous mode of GH secretion offer the opportunity to 
investigate the possible involvement of the secretory 
rhythm of GH in both physiological and pathological 
states [49, 50]. The possible role of altered GH secretory 
patterns for the growth-promoting effect of GH in male 
and female transgenic mice has been discussed elsewhere 
[51]. 

Consequences of MTGH Transgene Expression in 
Mice 

Effects on Reproductive Function 

The expression of GH transgenes under the transcrip- 
tional control of the MT promoter causes a variety of both 
phenotypic and pathomorphological alterations. Further- 
more, transgenic female mice expressing MThGH fusion 
genes were fcJund to be almost invariably sterile and their 
male counterparts exhibited reduced fertility [35, 47, 52]. 
Transplantation of ovaries of transgenic mice into non- 
transgenic females was successfully used to circumvent 
the reproductive problems in MThGH transgenic female 
mice and demonstrated the potential ability of these ani- 
mals to shed normal eggs [53]. Reduced fertility was also 
observed in transgenic female mice expressing either 
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Table 1. Comparison of sequence 
homology, expressed as percefifige, in the 
primary structure of GH 
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MTrGH or MTbGH hybrid genes [35, 54]. In contrast, 
the fertility of MToGH transgenic female mice was 
almost unimpaired [55] despite bGH and oGH being dif- 
ferent in only one amino acid (table 1). MTGRF trans- 
genic mice which have elevated serum levels of endoge- 
nous GH did not exhibit perturbations of fertility [44]. 
Furthermore, transgenic female mice expressing human 
placental GH variant (hGH- V) gene regulated by the MT 
promoter can reproduce, although hGH-V, similarly to 
hGH, is both somatotropic and lactotropic in rodents 
[54]. Transgenic mice carrying various GH genes thereby 
can serve as appropriate models for unravelling the effects 
of GH on reproductive functions. 

Effects on Body Weight, Skeletal Growth, and Organ 
Weights 

Stimulation of body growth is the most obvious pheno- 
lypic effect of MTGH transgene expression in mice. Simi- 
lar maximum body weights of about twice normal have 
been achieved with expression of various heterologous 
GH genes in transgenic mice. This finding indicates that 
growth promoting effects of GH in mice do not depend on 
a highly homologous peptide. In table 1 the primary struc- 
tures of human [56], bovine [57], ovine [58], porcine [59], 
rat [60] and murine GH [61] are compared. Furthermore, 
no correlation was detected between the level of circulat- 
ing heterologous GH and the degree of increase in body 
weight. For instance, MThGH transgenic mice exhibited 
similar maximum growth ratios compared to controls 
when serum concentration of hGH corresponded to 
either less than 1 0 ng/ml or was several 1 , 000-fold higher. 
Data on growth promotion and serum GH levels in 
MTGH transgenic mice have been reviewed elsewhere 
[47, 48]. Despite prior onset of MTGH transgene expres- 
sion, marked differences in body growth between trans- 
genic and non-transgenic mice are not evident until about 
3 weeks of age [39, 47]. This observation is consistent 



with the concept that GH does not play a major role in the 
control of fetal and newborn growth [for review see 62]. 
Between 3 and 1 3 weeks of age MTGH transgenic mice 
display significantly increased growth rates, reflected in a 
markedly steeper slope of the growth curves of transgenic 
mice compared with those of controls (fig. 2). Thus, the 
period of rapid weight gain is similar for both transgenic 
and non-transgenic mice (i.e. the differences due to 
MTGH transgene expression are in the amount, not the 
timing, of body growth) [51, 63]. A peculiar phenomenon 
noted in MThGH transgenic mice with high serum levels 
of hGH is the absence of sex-related differences in body 
growth [47]. Growth curves and maximum body weights 
of male and female MThGH transgenic mice are almost 
identical (fig. 2). 

A variety of factors come into question to explain the 
absence of body weight sexual dimorphism in these trans- 
genic animals. One of the factors involved may be the 
continuous mode of hGH secretion. This has been dis- 
cussed elsewhere in detail [51]. However, male and fe- 
male MTbGH transgenic mice exhibit differences in body 
growth (fig. 2) despite continuously high serum levels of 
bGH [unpubl. observations] and similar results have been 
obtained with MTrGH transgenic mice [39]. Therefore, 
differences in the biological activities of various GH spe- 
cies have to be taken into account. On the other hand, 
MThGH transgenic mice with low serum concentrations 
of hGH (less than 10 ng/ml) display accelerated growth 
and sex-related differences in body weight [unpubl. obser- 
vations], indicating that the level of GH transgene expres- 
sion may play an iniportant role. Taken together, further 
attempts are necessary to identify the mechanisms caus- 
ing either absence or presence of body weight sexual 
dimorphism in MTGH transgenic mice exhibiting stimu- 
lation of body growth. 

Expression of MTGH transgenes in mice not only 
results in increased body weight but its influence is also 
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Fig. 2. Mean body weight gain of 
MThGH transgenic mice, MTbGH trans- 
genic mice, and controls. 
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reflected in external body dimensions and skeletal dimen- 
sions (fig. 3). Detailed analyses carried out on both 
MThGH [51, 64, 65] and MTrGH [63, 66] transgenic 
mice revealed that the transgenic mice exhibit body and 
skeletal proportions which are significantly different from 
those of adult controls. Disproportionate skeletal gigan- 
tism was found in adult MThGH transgenic mice [64]. 
With the exception of only a few skeletal measurements, 
absolute bony dimensions of MThGH transgenic mice 
were significantly larger than those of sex-matched con- 
trols. Differences pertaining to individual bony measure- 
ments ranged from 3 to 32 % in male and from 6 to 28 % in 
female mice, respectively. Comparisons of the skeletal 
dimensions relative to body weight revealed that the cube 
roots of maximum body weight related skeletal dimen- 
sions of male and female MThGH transgenic mice com- 
monly were smaller than those of sex-matched controls. 



The extent of stimulation of bone growth exhibited sex- 
related differences. In male MThGH transgenic mice, 
growth of long tubular bones was as a rule characterized 
more by bony apposition than by lengthening, whereas in 
transgenic females longitudinal growth exceeded the 
thickening of the diaphysis of the long bones (with the 
exception of the radius - an early maturing bone). Var- 
ious hormones influence skeletal growth, but GH is the 
only recognized hormone that can cause excessive stimu- 
lation of longitudinal bone growth. A controversial ques- 
tion is whether GH exerts its growth promoting effect 
directly or indirectly by regulating the circulating level of 
IGF I. The somatomedin hypothesis implies that GH 
stimulates the hepatic synthesis of IGF I, which then 
mediates the actions of GH in an endocrine manner. The 
findings that IGF I is produced in many tissues and that 
such production also is GH stimulated have changed the 
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Fig. 3. Skeletal gigantism in an adult MTl 
transgenic litternnate control is shown (left) at 



concept of IGF I action from primarily endocrine to dom- 
inatingiy paracrine or autocrine. Recent reports suggest 
that GH stimulates longitudinal bone growth both di- 
rectly - by stimulating the differentiation of epiphyseal 
growth plate precursor cells - and indirectly - by increas- 
ing the responsiveness ot the differentiating cells to IGF I 
and enhancing the local production of IGF I that stimu- 
lates the clonal expansion of differentiating chondrocytes 
via the endocrine or paracrine mechanisms [for review 
see 67, 68]. Findings in MTIGF I transgenic mice indicate 
that elevated serum levels of IGF I per se are not suffi- 
cient to stimulate skeletal growth. Mice expressing this 
transgene had 1.5-fold higher concentrations of IGF I in 
their serum than non-transgenic controls. Enhancement 
of body weight gain was not apparent until 6-8 weeks of 
age and therefore delayed compared to MTGH transgenic 
mice. Growth promotion manifested itself as a 1.3-fold 
increase in body weight due to selective organ and mus- 
cle/connective tissue growth without any apparent in- 
crease in skeletal growth [69]. 

Another factor that is known to influence bone growth 
is mechanical loading. This was experimentally demon- 
strated in rodents which underwent a simulated increase 
in body weight either by means of experimental bipedal- 
ism or by chronic centrifugation [70, 71]. In order to 
judge the effects of mechanical loading due to increased 
body weight on bone growth of MThGH transgenic mice, 
we compared their skeletal dimensions with those of 
NMRI mice reaching similar body weights as a result of 
continuous selection for high 8-week body weight [65]. 
Significant differences in the skeletal shape between 
adults of the two groups were observed. Skeletal propor- 
tions of the transgenic mice exceeded those of the selected 
mice with most obvious differences pertaining to the limb 



i transgenic mouse (right). For comparison the skeleton of a non- 
same magnification. 



bones. The results of this study clearly suggest that the 
altered hormonal environment of the transgenic mice is 
the primary cause of skeletal gigantism, and that bony 
overgrowth in these animals can only in part be a result of 
increased mechanical loading due to higher body weight. 

Splanchnomegaly is a common finding in transgenic 
mice expressing various MTGH fusion genes. However, 
the degree of growth enhancement varies markedly from 
organ to organ. Furthermore, certain differences with 
respect to organ enlargement become obvious when pub- 
lished data concerning various strains of MTGH trans- 
genic mice are compared [for review see 48]. In MThGH 
transgenic mice exhibiting high serum levels of hGH the 
mean absolute weights of various internal organs were 
consistently greater than those seen in controls. The per- 
cent increase for the various inner organs varied consider- 
ably and was greatest for the kidney and the liver. As for 
whole body weight, no sex-related differences in organ 
weights were found in the transgenic individuals. Visceral 
enlargement was, therefore, more pronounced in female 
than in male transgenic mice when compared to sex- 
matched controls (fig. 4). Organ-to-body weight ratios in 
transgenic mice also differed significantly from those seen 
in controls with greatest differences pertaining to kidney- 
or liver-to-body weight ratios (fig. 4). Interestingly, a spe- 
cial size increase in the spleen was reported in MTrGH 
transgenic mice exhibiting a 2.5-fold increase in spleen 
weight compared to controls [63], whereas the MThGH 
transgenic mice ^demonstrated a markedly less pro- 
nounced splenic enlargement. The variety of interfering 
factors that need to be considered as a possible explana- 
tion for the variation seen in results concerning body and 
organ proportions in various strains of GH transgenic 
mice has been discussed elsewhere in detail [47]. 
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ABSOLUTH ORGAN WEIGHTS 



ORGAN TO-BODY WEIGHT RATIOS 



Fig. 4. Absolute organ weights and or- 
gan-to-body weight ratios in MThGH trans- 
genic mice as compared to controls. 
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Serum Chemistry 

Blood serum samples taken from MThGH transgenic 
mice exhibiting chronically high circulating concentra- 
tions of hGH were analyzed for a number of chemical 
parameters. IGF I is thought to play an important role in 
the GH cascade, so serum concentrations of this peptide 
growth factor were measured by radioimmunoassay. Se- 
rum IGF I levels in the transgenic mice were about 3-fold 
higher than those in the control animals (fig. 5) and did 
not correlate with the amount of circulating hGH [data 
not shown]. Similarly elevated serum IGF I concentra- 
tions of about 2- or 3-fold normal values have been noted 
in transgenic mice expressing either MTrGH or MTbGH 
fusion genes [72, 73]. Stimulation of IGF I synthesis in 
mice seems, therefore, to be rather independent of the 
species of GH. 

To study the effects of hGH excess on carbohydrate 
metabolism we quantified insulin and glucose in the sera 
of MThGH transgenic mice. Fasting insulin levels were 
significantly increased in the transgenic mice, whereas 
glucose levels did not differ significantly from those in 
control mice (fig. 5) [74]. This type of alteration has also 
been reported for MTbGH transgenic mice [73,75]. Inter- 
estingly, expression of the bGH transgene under the con- 
trol of a phosphoenolpyruvate carboxykinase (PEPCK) 
regulatory sequence did not result in hyperinsulinaemia 
or hyperglycaemia in transgenic mice despite substantial 
amounts of bGH detected in their serum. Differences in 
glucose homeostasis between MTbGH and PEPCKbGH 
transgenic mice may be the result of either the tissue dis- 
tribution pattern of expression, the developmental time 
of onset of expression or the hormonal regulation of tran- 
scription of the bGH transgene [75]. The lipid status of 
MThGH transgenic mice was characterized by a signifi- 



cant increase in serum cholesterol levels, while no signifi- 
cant changes were observed for serum levels of triglycer- 
ides. Conversely, MTIGF I transgenic mice, which have 
very low serum concentrations of endogenous GH but 
IGF I levels that are 1 .5-fold greater than those in control 
mice, exhibited hypertriglyceridaemia but no hypercho- 
lesterolaemia [73]. Total protein concentrations were sig- 
nificantly increased in the sera of MThGH transgenic 
mice, presumably as a result of stimulated hepatic protein 
synthesis (fig. 5) [47]. In contrast, MTbGH transgenic 
mice were found to be normoproteinaemic [73], Analysis 
of further parameters in the sera of MThGH transgenic 
mice studied at a mean age of 1 1 9 days indicated both 
markedly reduced kidney function and hepatic disorders, 
without a distinct reduction in liver function, however 
[47]. 

• Life Expectancy 

Consistently high serum GH levels, as a result of over- 
expression of MTGH transgenes, have deleterious effects 
on mice. The mean life expectancy of MThGH transgenic 
mice expressing the transgene at high levels was drasti- 
cally reduced in comparison to non-transgenic control 
mice. Less than 30% of these transgenic animals survived 
until 6 months of age [47]. A shortened life-span has also 
been noted in MTbGH transgenic mice exhibiting serum 
bGH levels up to 1 ,400 ng/ml. The reduction was less pro- 
nounced, however. At 6 months of age 90% of the 
MTbGH transgenic mice were still alive, and almost 60% 
of these transgenic animals survived longer than 12 
months [unpubl. observation]. Shortening of life expec- 
tancy in MTbGH transgenic mice has also been noted by 
other investigators [73]. 
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Fig. 5, Chemical parameters in the serum 
of MThGH transgenic mice and controls: 
Means and standard deviations are shown 
for each group. The number of animals is 
also indicated (bottom of bars). 
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Pathomorphological Findings 

Apart from visceromegaly, a variety of pathological 
alterations including renal, hepatic, and cardiovascular 
lesions have been observed in mice expressing MTGH 
transgenes. In this context it seems especially noteworthy 
that the expression of an IGF I transgene has been found 
to result in a different pattern of abnormalities in mice. 
An overviev^ on pathological findings in mice expressing 
various transgenes of the growth hormone family has 
been given elsewhere [48]. Transgenic mice with excess 
OH production regularly develop kidney alterations. The 
results of both morphological and cHnicochemical inves- 
tigations indicate renal failure to be the primary cause of 
the shortened life-span of these animals [47, 73, 76]. The 
pattern of nephropathological changes is the same for 
both MThGH and MTbGH transgenic mice. However, 
we found the degree of renal alterations to be more severe 



at an earlier age in our MThGH transgenic mice than in 
their bGH transgenic counterparts. Studies carried out by 
ourselves and other, groups to evaluate the development 
of renal alterations in MTGH transgenic mice revealed 
initial glomerular changes including both significant glo- 
merular enlargement and progressive glomerulosclerosis. 
The glomeruli of transgenic mice with bGH overproduc- 
tion were found to be disproportionately enlarged, as a 
function of either kidney or body weight, compared with 
non-transgenic control mice, and the increase in glomeru- 
lar size paralleled the degree of mesangial sclerosis [77]. 
End-stage renal lesions were characterized by a marked 
atrophy of nephrons and pronounced tubulocystic altera- 
tions (fig. 6). Remnant glomeruli demonstrated segmental 
or total sclerosis and/or hyalinosis. The changes in glo- 
merular morphology were associated with significant glo- 
merular dysfunction, as evidenced by the presence of 
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numerous intratubular proteinaceous casts [47, 48]. In 
contrast, MTIGF I transgenic mice with serum IGF I lev- 
els higher than those in bOH transgenic mice did not 
develop glomerulosclerosis even though they had signifi- 
cant glomerular hypertrophy [77]. However, the degree of 
glomerular enlargement did not reach that in bGH trans- 
genic mice which exhibited a significantly higher mean 
glomerular volume/either kidney or body weight ratio 
than the IGF I transgenic mice. The fact that neither 
glomerulosclerotic nor tubulointerstitial changes were 
found in IGF I transgenic mice [73, 78] suggests that the 
elevated circulating level of IGF I does not mediate the 
glomerulosclerosis in MTGH transgenic mice. 

Apart from nephropathological changes, hepatic alter- 
ations have consistently been observed in mice expressing 
Ml'GH transgenes. This is also true of MTGRF trans- 
genic mice in which hypophysial expression of the endog- 
enous GH gene is stimulated by the foreign GRF. Based 
on the observation that renal as well as hepatic alterations 
were similar in mice expressing either GH or GRF trans- 
genes it was concluded that the anomalies are not caused 
by the ectopic production of GH, but result instead from 
chronic elevation of circulating GH [73, 78]. Both hepa- 
tomegaly and a variety of pathological liver alterations 
have been noted in transgenic mice exhibiting differences 
with respect to both the species and the level of expression 
of the particular GH transgene [47, 73]. Histologically. 



liver changes became apparent in GH transgenic mice at 
about 3-4 weeks of age [73] and hepatic lesions were 
found to be progressive with age. Initial alterations were 
characterized by a centrilobular, hepatocellular and hepa- 
tonuclear hypertrophy [47, 48]. The prominent distribu- 
tion of the enlarged liver cells around central veins sug- 
gests that the hypertrophic change is not due to a direct 
effect of GH on liver cells, but is secondary to the synthe- 
sis of a factor resulting from GH stimulation. The absence 
of these kinds of alterations in the livers from MTIGF I 
transgenic mice [73] may be taken as an evidence that the 
hypertrophic liver cell change does not reflect an IGF I 
mediated effect of GH. The next stage of alteration seen 
in the livers from our MThGH transgenic mice was a 
massive diffuse enlargement associated with extreme 
pleomorphism of the hepatocytes and their nuclei. The 
latter frequently contained pseudoinclusions resulting 
from the invagination of portions of cytoplasm by com- 
plex infolding of the nuclear membrane. These pseudoin- 
clusions occurred much more often and were much larger 
than those occasionally found in the livers from control 
mice. Discrepant answers have been given to the question 
as to whether liver enlargement in MTGH transgenic 
mice results predominantly from hyperplasia [39] or hy- 
pertrophy [55, 76]. 

Histomorphometric studies carried out on liver sec- 
tions of MThGH and MToGH transgenic mice suggest 
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that the increase in liver-weight noted in these transgenic 
animals is mainly due to liver cell hypertrophy. 

Apart from non-neoplastic hepatic alterations, hepato- 
cellular tumours including both adenoma and carcinoma 
were found very frequently in bGH transgenic mice. The 
occurrence of liver cell tumours was age-dependent, and 
their incidence increased to 96% (25/26) of the transgenic 
mice studied after 8 months of age, which expressed 
either an MTbGH or a PEPCKbGH fusion gene. Hepato- 
cellular carcinoma was not found in transgenic mice less 
than 1 year of age, but it occurred in 5 of 14 transgenic 
mice older than 12 months. The requirement of bGH 
transgene expression for the development of hepatocellu- 
lar neoplasms in the transgenic mice was clearly demon- 
strated by the absence of such tumours in the non-trans- 
genic littermate controls [79]. Similar to our findings per- 
taining to bGH transgenic mice, MToGH transgenic mice 
have been reported to develop age-related hepatocellular 
tumours at a very high frequency. 70% of the MToGH 
transgenic mice studied after 43 weeks of age demon- 
strated liver tumours. Hepatocellular carcinoma was not 
found in transgenic mice less than 4 weeks of age. How- 
ever, liver cell carcinoma was detected in 60% of the 
MToGH transgenic mice older than 53 weeks [80]. 



Conclusions 

MTGH transgenic mice provide an excellent experi- 
mental system for studying the physiology and pathology 
of mammalian growth at the level of organ substructures, 
organs and the whole organism as well. A special advan- 



tage is the opportunity provided by transgenic mice to 
investigate the effects and the mode of action of heterolo- 
gous growth hormones without having to take interfering 
immunological reactions into account. The differences in 
the basal level of expression between various lines of 
MTGH transgenic mice may be used to study the conse- 
quences of long-term exposure to either high or low circu- 
lating concentrations of GH. The pathological alterations 
observed in MTGH transgenic mice are of particular 
interest. Thus, these animals provide a new approach to 
investigate the pathogenesis of glomerulosclerosis and the 
mechanisms involved in the progression of chronic renal 
disease. GH transgenic mice developing age-related liver 
cell neoplasms at a high frequency represent a new model 
for hepatocellular carcinogenesis and illustrate the onco- 
genic potential of a chronic growth stimulus within an 
organ. MTGH transgenic mice are therefore considered 
as valuable models for studies in various fields of medical 
research, including auxology, endocrinology, nephrology 
and oncology. 



Acknowledgements 

Parts of this study were presented at the International Sympo- 
sium on Endocrinology and Development: Basic and Clinical As- 
pects, Athens. Greece. October 12-14, 1990. Our work was sup- 
ported by a grant from the Deutsche Forschungsgemeinschaft (He 
1731/1-1: R.W.: W.H.: S.F.) and the Studienstiftung des deutschen 
Volkes (E. W.). We thank Professor D. Schams for determining serum 
levels of bGH and IGF I. We also thank Mr A. Ciolovan for excellent 
technical assistance. 



References 

1 Palmiter RD. Brinster RL, Hammer RE. et al: 
Dramatic growth of mice that develop from 
eggs microinjected with metallothionein- 
growth hormone fusion genes. Nature 1982; 
300:611-615. 

2 Jaenisch R. Miniz B: Simian virus 40 DNA 
sequences in DNA of healthy adult mice de- 
rived from preimplantation blastocysts in- 
jected with viral DNA. Proc Natl Acad Sci 
USA 1974:71:1250-1254. 

3 Gordon JW, Ruddle FH: integration and stable 
germ line transmission of genes injected into 
mouse pronuclei. Science 1981:214:1244- 
1246. 

4 Palmiter RD. Brinster RL: Transgenic mice. 
Cell 1985:41:343-345. 



5 Cuthbertson RA. FOintworth GK; Transgenic 
mice - a gold mine for furthering knowledge in 
pathobiologv'. Lab Invest 1988:58:484-502. 

6 Brem G. Brenig B. Goodman HM. et al: Pro- 
duction of transgenic mice, rabbits and pigs by 
microinjection into pronuclei, Zuchthyg 1985: 
20:251-252. 

7 Hammer RE, Pursel VG. Re.xroad CE Jr. et al: 
Production of transgenic rabbits, sheep and 
pigs by microinjection. Nature 1985:315:680- 
683. 

8 Mullins JJ. Peters J, Ganten D: Fulminant 
hvpenension in transgenic rats harbouring the 
mouse Ren-lgcnt. Nature 1990:344:541-544. 

9 Brem G: Transgene Nutztiere. Zuchtungs- 
kunde 1988:60:248-262. 



10 Pursel VG, Pinkert CA, Miller KF. et al: Ge- 
netic engineering of livestock. Science 1989: 
244:1281-1288. 

1 1 Brem G: Zum Stand des Gentransfers beim 
Nutziier. Zuchtungskunde 1991:63:191-200. 

12 Camper SA: Research applications of trans- 
genic mice. BioTechniques 1987;5:638-650. 

13 Jaenisch R: Transgenic animals. Science 1988; 
240:1468-1474- 

14 Hanahan D; Dissecting multistep tumorigene- 
sis in transgenic mice. Annu Rev Genet 1988: 
22:479-519. 

15 Conelly CS, Fahl WE, lannaccone PM: The 
role of transgenic animals in the analysis of var- 
ious biological aspects of normal and patho- 
logic states. Exp Cell Res 1989:183:257-276. 



85 



16 Brem G: Transgene Mause als Krankheitsmo- 
dellerDrug Res 1990:40:335-343. 

17 Van Brunt J; Molecular farming: transgenic 
animals as bioreaciors. Biotechnology 1988:6: 
1149-1154. 

18 Hennighausen L: The mammarv' gland as a 
bioreactor: Production of foreign proteins in 
the milk. Protein Express Pur 1990:1:3-8. 

19 Brinsler RL. Chen HY. Trumbauer ME. et al: 
Factors affecting the efficiency of introducing 
foreign DNA into mice by microinjecting eggs. 
Proc Natl Acad Sci USA 1985:82:4438-4442. 

20 Hogan B. Costantini F, Lacy E: Manipulating 
the Mouse Embryo. A Laboratory Manual. 
Cold Spring Harbor. Cold Spring Harbor Labo- 
ratory, 1986. 

21 DePamphilis ML, Herman SA, Martinez-Salas 
E, et al: Microinjecting DNA into mouse ova to 
study DNA replication and gene expression 
and to produce transgenic animals. BioTech- 
niques 1988;6:662-679. 

22 Costantini F, Lacy E: Introduction of a rabbit 
p-globulin gene into the mouse germ line. Na- 
ture 1981;294:92-94. 

23 Palmiter RD. Brinster RL: Germ-line transfor- 
mation of mice. Annu Rev Genet 1986:20: 
465-499. 

24 Robertson EJ : Pluripotential stem cell li nes as a 
route into the mouse germ line. Trends Genet 
1986:2:9-13. 

25 Capecchi MR: Altering the genome by homolo- 
gous recombination. Science 1989:244:1288- 
1292. 

26 DeChiara TM, Efstratiadis A, Robertson EJ: A 
growth-deficiency phenotype in heterozygous 
mice carrying an insulin-like growth factor II 
gene disrupted by targeting. Nature 1990:345: 
78-80. 

27 DeChiara TM. Robertson EJ, Efstratiadis A: 
Parental imprinting of the mouse insulin-like 
growth factor II gene. Cell 1991:64:849-859. 

28 Lavitrano M, Camaioni A, Fazio VM, et al: 
Sperm cells as vectors for introducing foreign 
DNA into eggs: Genetic transformation of 
mice. Cell 1989:57:717-723. 

29 Brinster RL, Sandgren EP, Behringer RR. et al: 
No simple solution for making transgenic mice. 
Cell 1989:59:239-241. 

30 Barinaga M: Making transgenic mice: Is it 
really that easy? Science 1 989:245:590-59 L 

31 Brenig B, Brem G: Integration of hGH gene in 
transgenic mice and transmission to next gen- 
eration: in Beynen AC. Solleveld HA (eds). 
New Developments in Biosciences: Their im- 
plications for Laboratory Animal Science. Dor- 
drecht, Nijhoff, 1988. pp 331-336. 

32 Wilkie TM. Brinster RL. Palmiter RD: Germ- 
line and somatic mosaicism in transgenic mice. 
Dev Biol 1986:1 18:9-18, 

33 Wagner EF. Covarrubias L. Stewart TA. et al: 
Prenatal lethalities in mice homozygous for hu- 
man growth hormone gene sequences inte- 
grated in the germ line. Cell 1983:35:647-655. 

34 Covarrubias L, Nishida Y. Terao M, et al: Cel- 
lular DNA rearrangements and early develop- 
mental arrest caused by DNA insertion in 
transgenic mouse embryos. Mol Cell Biol 1 987: 
7:2243-2247. 



35 Hammer RE. Palmiter RD. Brinster RL; Par- 
tial correction of murine hereditary growth dis- 
order by germ-line incorporation of a new gene. 
Nature 1984:31 1 :65-67. 

36 Palmiter RD. Norsiedt G. Gelinas RE. et al: 
Metalloihionein-human GH fusion genes stim- 
ulate growth of mice. Science 1983:222:809- 
814, 

37 Hamer DH: Metallothioneins. Annu Rev Bio- 
chem 1986:55:91 3-95 L 

38 Nartey NO. Banerjee D. Cherian MG; Immu- 
nohisiochemical localization of metallothion- 
ein in cell nucleus and cytoplasm of fetal hu- 
man liver and kidney and its changes during 
development. Pathology 1987;19:233-238. 

39 Hammer RE, Brinster RL, Palmiter RD: Use 
of gene transfer to increase animal growth. 
Cold Spring Harbor Symp Quant Biol 1 985:50: 
379-387. 

40 Adams TE: Tolerance to self-antigens in trans- 
genic mice. Mol Biol Med 1990:7:341-357. 

41 Brem G. Meyer i: Fertility data in mice with 
regard to embryo transfer programmes. Z Ver- 
suchsiierkd 1985:27:78. 

42 Brenig B. Miiller M. Brem G: A fast detection 
protocol for screening large numbers of trans- 
genic animals. Nucleic Acids Res 1989:17: 
6422. 

43 Wolf E. Brem G: 'High-dose hook effect' as a 
pitfall in quantifying transgene expression in 
metalloihionein-human growth hormone (MT- 
hGH) transgenic mice. Clin Chem 1991:37: 
763-765. 

44 Hammer RE, Brinster RL. Rosenfeld MG. et 
al: E.xpression of human growth hormone- 
releasing factor in transgenic mice results in 
increased somatic growth. Nature 1985:315: 
413-416. 

45 Stefaneanu L. Kovacs K.. Horvath E. et al: Ade- 
nohypophyseal changes in mice transgenic for 
human growth hormone- releasing factor. A his- 
tological, immunocytochemical, and electron 
microscopic investigation. Endocrinology 
1989:125:2710-2718. 

46 Kirchgessner M, Roth FX, Schams D. et al: 
Influence of exogenous growth hormone (GH) 
on performance and plasma GH concentra- 
tions of female veal calves. J Anim Physiol 
Anim Nutr 1987:58:50-59. 

47 BremG. WankeR. Wolf E,eial: Multiple con- 
sequences of human growth hormone expres- 
sion in transgenic mice, Mol Biol Med 1989;6; 
531-547. 

48 Wanke R. Hermanns W. Folger S, et al: Accel- 
erated growth and visceral lesions in transgenic 
mice expressing foreign genes of the growth 
hormone family. An overview. Pediatr Neph- 
rol 1991:5:513-521. 

49 Norstedt G. Palmiter R: Secretory rhythm of 
growth hormone regulates sexual differentia- 
tion of mouse liver. Cell 1 984;36:805-8 1 2. 

50 MacLeod JN, Pampori NA. Shapiro BH: Sex 
differences in the ultradian pattern of plasma 
growth hormone concentrations in mice. J En- 
docrinol 1991:131:395-399. 



5 1 Wolf E, Wankc R, Hermanns W. et al: Growth 
characteristics of metallothionein-human 
growth hormone transgenic mice as compared 
to mice selected for high eight-week body 
weight and unselected controls. I. Body weight 
gain and external body dimensions. Growth 
Dev Aging 1991:55:225-235. 

52 Bartke A. Steger RW. Hodges SL, el al: Infertil- 
ity in transgenic female mice with human 
growth hormone expression: Evidence for lu- 
teal failure. J Exp Zool 1 988:248: 121-124. 

53 Brem G. Baunack E. Miiller M, et al: Trans- 
genic offspring by transcaryoiic implantation 
of transgenic ovaries into normal mice. Mol 
Reprod Dev 1990;25:42-44. 

54 Naar EM. Banke A, Majumdar SS, et al: Fertil- 
ity of transgenic female mice expressing bovine 
growth hormone or human growth hormone 
variant genes. Biol Reprod 1991:45:178-187. 

55 Orian JM, Lee CS, Weiss LM, et al: The expres- 
sion of a metallothionein-ovine growth hor- 
mone fusion gene in transgenic mice does not 
impair fertility but results in piathological le- 
sions in the liver Endocrinology 1 989; 1 24: 
455-463. 

56 DeNoio FM, Moore DD. Goodman HM: Hu- 
man growth hormone DNA sequence and 
mRNA structure: Possible alternative splicing. 
Nucleic Acids Res 1 98 1 ;9:37 1 9-3730. 

57 Miller WL. Martial JA, Baxter JD: Molecular 
cloning of DNA complementary to bovine 
growth hormone mRNA. J Biol Chem 1980; 
255:7521-7524. 

58 Orian JM. O'Mahoney JV. Brandon MR; 
Cloning and sequencing of the ovine growth 
hormone gene. Nucleic Acids Res 1 988; 16: 
9046. 

59 Vize PD. Wells JRE: Isolation and character- 
ization of the porcine growth hormone gene. 
Gene 1987:55:339-344. 

60 Page GS. Smith S, Goodman HM: DNA se- 
quence of the rat growth hormone gene: Loca- 
tion of the 5' terminus of the growth hormone 
mRNA and identification of an internal trans- 
poson-like element. Nucleic Acids Res 1981;9: 
2087-2104. 

61 Linzer DIH, Talamantes F: Nucleotide se- 
quence of mouse prolactin and growth hor- 
mone mRNAs and expression of these mRNAs 
during pregnancy. J Biol Chem 1985;260: 
9574-9579, 

62 Gluckman PD: Fetal growth: An endocrine 
perspective. Acta Paediatr Scand 1989;349 
(Suppl):21-25. 

63 Shea BT, Hammer RE, Brinster RL: Growth 
allometry of the organs in giant transgenic 
mice. Endocrinology 1987;121:1924-1930. 

64 Wolf E, Rapp K. Brem G: Expression of metal- 
lothionein-human growth hormone fusion 
genes in transgenic mice results in dispropor- 
tionate skeletal gigantism. Growth Dev Aging 
1991:55:117-127. 

65 Wolf E. Rapp K, Wanke R. et al: Growth char- 
acteristics of metallothionein-human growth 
hormone transgenic mice as compared to mice 
selected for high eight-week body weight and 
unselected controls. 11. Skeleton. Growth Dev 
Aging 1991:55:237-248. 



1 



86 



Wanke/Wolf/Hermanns/Folger/ 
BuchmuUer/Brem 



The GH-Transgenic Mouse 



66 Shea BT. Hammer RE. Brinster RL et al: Rela- 
tive growth of the skull and postcranium in 
giant transgenic mice. Genet Res (Camb) 1 990: 
56:21-34. 

67 Isaksson OGP, Lindahl A, Nilsson A. et al: 
Mechanism of the stimulaior>- effect of growth 
hormone on longitudinal bone growth. Endocr 
Rev 1987:8:426-438. 

68 Rutanen EM, Pekonen F: Insulin-like growth 
factors and their binding proteins. Acta Endo- 
crinol (Copenh) 1990;123:7-13. 

69 Mathews LS, Hammer RE. Behringer RR. et al: 
Growth enhancement of transgenic mice ex- 
pressing human insulin-like growth factor I. 
Endocrinology 1 988: 1 23:2827-2833. 

70 Simon MR, Papiersky P: Effects of experimen- 
tal bipedalism on the growth of the femur and 
tibia in normal and hypophysectomized rats. 
ActaAnat 1982:114:321-329. 

71 Simon MR, Holmes KR, Olsen AM: The ef- 
fects of quantified amounts of increased inter- 
mittent compressive forces for 30 and 60 days 
on the growth of limb bones in the rat. Acta 
Anat 1984:120:173-179. 



72 Mathews LS. Hammer RE. Brinster RL, el al: 
Expression of insulin-like growth factor I in 
transgenic mice with elevated levels of growth 
hormone is correlated with growth. Endocri- 
nology- 1988:123:433-437. 

73 Quaife CJ, Mathews LS. Pinkert CA. et al: His- 
topaihology associated with elevated levels of 
growth hormone and insulin-like growth factor 
I in transgenic mice. Endocrinolog\' 1989:124: 
40-48. 

74 Buchmuller T, Wanke R. Hermanns W. et al: 
Hyperinsulinaemia in normoglycaemic mice 
developing glomerulosclerosis. Diabetologia 
l990:33(suppl):A148. 

75 McGrane MM. Yun JS. Moorman AFM. et al: 
Metabolic effects of developmental, tissue-, 
and cell-specific expression of a chimeric phos- 
phoenolpyruvate carboxy kinase (GTP)/bovine 
growth hormone gene in transgenic mice. J Biol 
Chem 1990:265:22371-22379. 

76 Brem G, Wanke R: Phenoiypic and pathomor- 
phological characteristics in a half-sib-family of 
transgenic mice carr\ing foreign MT-hGH 
genes: in Beynen AC. Soileveld HA (eds): New 
Developments in Biosciences: Their Implica- 
tions for Laboratory Animal Science. Dor- 
drecht. Nijhoff- 1988. pp 93-98. 



77 Doi T. Striker LJ. Gibson CC. et al: Glomeru- 
lar lesions in mice transgenic for growth hor- 
mone and insulin like growth factor-I. 1. Rela- 
tionship between increased glomerular size and 
mesangial sclerosis. Am J Pathol 1990:137: 
541-552. 

78 Doi T. Striker U. Quaife C. et al: Progressive 
glomerulosclerosis develops in transgenic mice 
chronically expressing growth hormone and 
growth hormone releasing factor but not in 
those expressing insulin like growth factor- 1. 
Am J Pathol 1988:131:398-403. 

79 Wanke R. Folger S. Hermanns W, et al: Induk- 
tion neoplastischer und nicht-neoplastischer 
Leberveranderungen durch Wachslumshor- 
mon-Uberproduktion bei bGH-transgenen 
Mausen. Verb Dtsch Ges Pathol 1991:75:312. 

80 Orian JM. Tamakoshi K, Mackey IR, et al: 
New murine model for hepatocellular carcino- 
ma: transgenic mice expressing metallothion- 
ein-ovine growth hormone fusion gene. JNCI 
1990:82:393-398. 



87 



This Page is Inserted by IFW ladexiBg aad ScanniBg 
Operations and is not part of ihe Official Record 

BEST AVAILABLE IMACSKS 

Defective images within this docmnmt aie accurate repnm»i^ rf*e^ 
documents submitted by the appKcairt. 

Defects in the images include but are not limited to the items checked: 

□ BIACK BORDERS 

□ IMAGE CUT OFF AT TOP, BOTTOM OR SIDES 

□ FADED TEXT OR DRAWING 
QfBLURRED OR ILLEGIBLE TEXT OR DRAWING 

□ SKEWED/SLANTED IMAGES ^ 

□ COLOR OR BLACK AND WHITE PHOTOGRAPHS 

□ GRAY SCALE DOCUMENTS 

□ LINES OR MARKS ON ORIGINAL DOCUMENT 

□ REFEBENCE(S) OR EXHIBIT(S) SUBMnTED ARE POOR QUALITY 

□ OTHER: 



As rescanning these docnments will not correct the ima; 
problems checked, please do not report these problems 



